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General Abstract

Despite hundreds of studies on personality in fishes, there remains a striking lack of research
on personality in the elasmobranchs. Given the heritability of personality and elasmobranchs’
extensive evolutionary history, it is unlikely that personality has been evolutionarily stagnant
in elasmobranchs. Personality influences every day risk-reward decisions that cause variation
in individual life history fitness traits, and is shown to link to various aspects of behaviour and
cognition, such as cerebral lateralization. Studying personality and lateralization in
elasmobranchs is crucial to understanding species flexibility in coping with a changing
environment. Using boldness and stress reactivity assays we tested for individual personality
differences in Port Jackson sharks (Heterodontus portusjacksoni). Additionally, we aimed to
examine the expression of cerebral lateralization using swimming directionality and examined
how inter-individual variation relates to personality in sharks. Our results show individual
personality differences that are consistent through time, as well as large inter-individual
variation in lateralization strength and direction. Little evidence was found that personality
relates to lateralization, but stress reactivity was found to correlate with strength of
lateralization. These results demonstrate individual personality and lateralization differences in
sharks for the first time, suggesting ancient evolutionary origins of personality and

lateralization in vertebrates.

Note to Reviewers:

This thesis was submitted by publication, and chapters are formatted accordingly for their
respective journal of submission. The first chapter was submitted to Journal of Fish Biology,
and the second chapter was submitted to Behavioural Brain Research. Margins were adjusted
and line numbers were removed in accordance with requirements for the Master of Research at
Macquarie University. References were formatted in the style of Journal of Fish Biology for

consistency. All other formatting follows journal specifications.
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Laterality strength is linked to stress reactivity in Port Jackson sharks
(Heterodontus portusjacksonti)
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HIGHLIGHTS

Lateralization in Heterodontus portusjacksoni appeared to be highly individualized.
Stronger lateralized individuals were more reactive to stress.

Laterality did not correlate with boldness in H. portusjacksoni.

Female H. portusjacksoni were more lateralized than males.
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Cerebral lateralization is an evolutionarily deep-rooted trait, ubiquitous among the vertebrates and
present even in some invertebrates. Despite the advantages of cerebral lateralization in enhancing cog-
nition and facilitating greater social cohesion, large within population laterality variation exists in many
animal species. It is proposed that this variation is maintained due links with inter-individual personality
trait differences. Here we explored for lateralization in Port Jackson sharks (Heterodontus portusjacksoni)
using T-maze turn and rotational swimming tasks. Additionally, we explored for a link between personal-
ity traits, boldness and stress reactivity, and cerebral lateralization. Sharks demonstrated large individual
and sex biased laterality variation, with females demonstrating greater lateralization than males over-

Keywords:
Lateralization
Stress reactivity

Boldness all. Stress reactivity, but not boldness, was found to significantly correlate with lateralization strength.
Coping style Stronger lateralized individuals were more reactive to stress. Demonstrating laterality in elasmobranchs
Personality for the first time indicates ancient evolutionary roots of vertebrate lateralization approximately 240 mil-

Elasmobranch lion years old. Greater lateralization in female elasmobranchs may be related enhancing females’ ability
to process multiple stimuli during mating, which could increase survivability and facilitate insemination.
Despite contrasting evidence in teleost fishes, the results of this study suggest that stress reactivity, and
other personality traits, may be linked to variation in lateralization.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Over the past three decades the demonstration of lateralization
amongst all vertebrate groups and some invertebrates suggests
that it is an evolutionarily deep-rooted trait and may even pre-
date its evolution in vertebrates [ 1-3]. Much of recent evolutionary
research has focused on the advantages and disadvantages of later-
alization to understand the selective mechanisms for the evolution
of cerebral lateralization, such as the enhancement of cognitive
functions. For example, more strongly lateralized individuals are
quicker to learn tasks and can process greater cognitive loading

* Corresponding author at: 2a Edgecliff Esplanade, Seaforth NSW 2092, Australia.
E-mail address: evan.byrnes@students.mq.edu.au (E.E. Byrnes).

http://dx.doi.org/10.1016/j.bbr.2016.02.033
0166-4328/© 2016 Elsevier B.V. All rights reserved.

[4,5]. Additionally, lateralization enhances cohesive behaviours,
such as shoaling and group foraging [6]. In visually complex habi-
tats, such as coral reefs, the enhanced ability to process multiple
stimuli and cooperate has been shown to enhance survivorship
when predator abundance is high [7,8].

Despite these apparent fitness advantages of cerebral later-
alization, substantial individual variation in both direction and
strength of lateralization exists in many species [9-12]. The
underlying mechanisms maintaining this individual variation are
still poorly understood, but a recent hypothesis proposes that
variation in lateralization is maintained through a link with consis-
tent inter-individual personality and behavioural differences [13].
Aggression, for example, appears to be a highly lateralized trait
among vertebrates and invertebrates [1,14,15]. During antagonis-
tic responses, animals direct aggressive displays to conspecifics on


dx.doi.org/10.1016/j.bbr.2016.02.033
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbr.2016.02.033&domain=pdf
mailto:evan.byrnes@students.mq.edu.au
dx.doi.org/10.1016/j.bbr.2016.02.033

240 E.E. Byrnes et al. / Behavioural Brain Research 305 (2016) 239-246

the left side more than on the right side. This asymmetry has been
recorded in toads [16], lizards [17], domestic chicks [18], gelada
baboons [19], horses [20], and fruit flies [21]. On the other hand,
other personality traits reveal confounding relationships that vary
by sex and/or species [22]. Irving and Brown [23] found little evi-
dence that laterality relates to boldness, sociability, or activity in
Poecilia reticulata, and populations of the poeciliid Brachyraphis
episcopi vary in strength of lateralization [9,24], as well as boldness
[25], aggression [26], exploration, and activity [27].

The bulk of research that has examined the personal-
ity/lateralization relationship has focused on aggression and
boldness; however, there is a paucity of research that has focused
on stress reactivity (aka coping style or emotional reactivity). The
few existing studies indicated that stress reactivity correlates with
aggression, and suggested the existence of a relationship between
stress reactivity and laterality [28]. Additionally, researchers com-
monly take advantage of the fact that laterality biases tend to
be more pronounced in stressful situations, such as presence of
predators or potential competitors. For example, when Bisazza &
Vallortigara [29] placed male mosquitofish (Gambusia holbrooki)
placed in a circular tank, laterality biases were only apparent when
a predator was present in the middle of the tank; not during spon-
taneous swimming or when a female was used as a stimulus.

Measurement of physiological parameters have demonstrated
that the right cerebral hemisphere is associated with expression
of intense, often negative, emotions and controls hormonal states
that accompany these states [30,31]. Therefore, it is expected that
more strongly right lateralized individuals would exhibit stronger
emotional and stress responses. Recent evidence that right later-
alized marmosets were more pessimistic and avoided potentially
stressful stimuli more than left lateralized conspecifics corroborate
this prediction [32]. However, studies in dogs and domesticated
chicks have shown that nonlateralized individuals to be more reac-
tive, potentially as a result of the negative relationship between
the development of lateralization and corticosterone levels during
embryonic development [33,34]. While the relationship remains
equivocal at best, it is apparent that studying the relationship
between stress reactivity and laterality may provide valuable
insight into the maintenance of individual variation in lateraliza-
tion.

Studying lateralization in fishes has presented an especially
interesting system for examining the evolution of vertebrate lat-
eralization [15]. Fishes occur in a wide range of habitats that
provides an opportunity to comparatively study the ecological
conditions under which lateralization likely first evolved [1,35].
Additionally, in many fishes, optic fields do not overlap and primary
visual projections ascend to neural structures on the contralat-
eral hemisphere of the brain. Hence, observation of asymmetries
is made particularly simple by examining which eye individu-
als use to observe particular cues or scenes [10,29]. Lateralized
behaviours in fishes include inspection of conspecifics and preda-
tors [10,24], initiation of aggressive interactions [36], shoaling
tendencies [6], predatory approaches [37], exploration [9,38], spa-
tial abilities [5,39], and communication [40]. While teleost fishes
have received a bulk of attention from research examining the evo-
lutionary origins of lateralization in vertebrates, no study has yet
examined laterality in elasmobranchs — one of the oldest vertebrate
lineages, appearing some 450 million years ago.

Here we examined behavioural lateralization in Port Jackson
sharks (Heterodontus portusjacksoni), a species thought to origi-
nate approximately 240 million years ago [41], using two different
lateralization tests. We employed turn preferences in a T-maze
and directional preferences for rotational swimming, two tests
that have been successfully used to determine laterality in teleost
fishes. Given the relationship between laterality and social inter-
actions in teleost fishes and the social aggregating behaviours of

Port Jackson sharks [42,43], we hypothesized that Port Jackson
sharks will demonstrate a highly lateralized population bias, but
we cannot predict the direction of laterality. We then examined for
consistency of lateralization between turn and rotational prefer-
ence. Lastly, sharks’ boldness and stress reactivity were scored in
a previous experiment [44], and relationships between these traits
and laterality were examined. Based on teleost fish studies, we pre-
dicted that boldness would correlate with laterality, such that shyer
individuals would be more strongly lateralized. Moreover, based
on physiological evidence, we expected that right lateralized indi-
viduals (left eye use preference) would demonstrate higher stress
reactivity than left lateralized individuals

2. Materials and methods
2.1. Subjects

Port Jackson sharks (Heterodontus portusjacksoni) were selected
as study subjects due to their abundance in New South Wales
coastal waters, as well as their small size and renowned hardiness,
making them suitable for captive studies [43,45]. A total of 17 juve-
nile H. portusjacksoni were opportunistically collected from three
sitesin New South Wales, Australia: 1) Middle Head, Mosman, NSW
(33°49'26.903”S 151°15’50.404”E); 2) Murray’s Sandline, Jervis
Bay, NSW (35°4/23.015”S 150°27'28.188”E); 3) Broken Bay, NSW
(33°34/14.100”S 151°17/15.200”E). Sharks from Middle Head and
Murray’s Sandline were captured by hand, on snorkel, and sharks
from Broken Bay were captured as by-catch on a commercial squid
trawler. Sharks were housed at Sydney Institute of Marine Sci-
ence (SIMS; Mosman, New South Wales) in four 1000-1 housing
tanks (1.25 m diameter x 0.90 m depth). Sharks were separated into
housing tanks according to total length; tanks 1 and 2 contained
sharks <30cm and tanks 3 and 4 contained sharks >30 cm. Tanks
were supplied with fresh seawater from Chowder Bay, Mosman,
NSW at ambient temperature, aerated, and furnished with approx-
imately 5 cm of sandy substrate (taken from Chowder Bay) and PVC
structures to provide shelter. The sharks were exposed to a natural
light cycle.

For individual identification, sharks were tagged subcuta-
neously with an inert polymer elastomer (North-West Marine
Technology Inc., Shaw Island, WA, USA) for and total length was
measured. After 24 h in captivity, sharks were fed to satiation with
defrosted squid (Loligo opalescens). During non-experimentation
periods, they were fed ~5% body weight five days per week
on a mixed diet of squid (L. opalescens and Nototodarus sloanii)
and shrimp (Litopenaeus vannamei). Post experimentation, sub-
jects were released at their original site of capture. Research was
conducted under a scientific marine research ethics permit (ARA
2014/003) obtained from Macquarie University. All sharks were
collected under NSW Department of Primary Industries permit
P080010-4.2 and Australian Government permit AU-COM2014-
259.

2.2. Behavioural trait differences

Sharks used in this study had individual differences in boldness
and stress reactivity predetermined in a previous experiment [44].
Personality trials were conducted over a 17-day period, from April
23 toMay 9, 2015. To prevent temporal autocorrelation, trials were
separated by at least three days. Boldness trials were conducted
for each shark once on days one, four, seven, and 14, and stress
reactivity trials were conducted on days 10 and 17 of the testing
period.
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Fig. 1. Top view of the experimental set-up for the (A) T-maze and (B) Rotational swimming tasks. SC: starting compartment. Radial division used to establish laterality in

rotational swimming task shown by dotted lines.

2.2.1. Boldness

The boldness assay described individuals’ propensity to explore
a novel habitat using an open-field emergence test, a classic test
used to examine boldness in rodents [46] that has been success-
fully adapted for fish [47,48]. The testing arena consisted of a closed
black Perspex refuge box (0.75 m x 0.75m x 0.25 m) with a sliding
door (0.25m x 0.30 m) leading into the open center of the exper-
imentation tank (Intex Easy Set® 10-foot pool; interior diameter:
2.3 m) filled with seawater to 45 cm depth.

Subjects were placed into the starting compartment, where they
were allowed to acclimate for two minutes. Immediately following
acclimatization, the door was opened via a string pull and time until
emergence was recorded. If sharks did not emerge after 15 min, the
lid was removed to encourage sharks to leave the hide. If sharks
failed to emerge after a total trial time of 20 min, the trial was ter-
minated and sharks were given a maximum score of 1200s [for
further details see Ref. [44]].

2.2.2. Stress reactivity

Stress reactivity was examined utilizing changes in locomotory
activity induced by acute handling stress. The testing arena con-
sisted of a tank identical to housing tanks, and was supplied with a
constant flow of fresh seawater from Chowder Bay at a rate similar
to that of housing tanks.

To induce stress, sharks were individually captured by hand and
held out of water for one-minute. To minimize individual pre-test
stress variability, sharks were only tested if successfully captured
on the first attempt. Sharks were then placed into the testing tank,
and the shark’s behaviour was recorded for 30 min for each trial.
Videos were later scored for activity levels via tail beat frequency.
Tail beat frequency was counted by complete oscillations of the
caudal fin within one-minute timeframes at predetermined times
during the recording [1,2, 3, 4, 5, 10, 15, 20, 25, and 30 min; [49]].
Changes in activity were calculated by subtracting individual base-
line activity rates from stressed activity levels [for further details
see Ref. [44]].

2.3. Lateralization tests

To ensure temporal separation from behavioural trait tests
and separation of laterality tests, laterality in T-maze turn pref-
erences and rotational swimming preferences were examined 14
and 30 days after the completion of personality trials, respectively.

2.3.1. T-maze turn preference

T-maze turn preferences were used to examine for laterality
during exploration of a novel habitat. The apparatus consisted of
a plus-maze that was transformed into a T-maze by shifting a bar-
rier to block the appropriate arm for each trial (Fig. 1A). Testing
consisted of 10 trials per individual.

Before each trial, sharks were allowed to swim freely through-
out the entire maze and acclimatize for 15 min. Following this, the
subject was confined to an enclosed starting compartment for two
minutes while the unused arm was blocked off, bubblers were
removed from inside the maze, and water was stirred. The front
and top of the starting compartment were then removed, allow-
ing the subject passage down the starting arm and into the maze.
Sharks were given three minutes to leave the starting arm and turn
either right or left into an adjacent arm of the maze. The first full 90-
degree turn into an adjacent maze arm was recorded. If a shark did
not select a turn direction within three minutes, the trial was ter-
minated and excluded from analysis. Since H. portusjacksoni have
little overlap in their visual fields, each eye effectively projects sep-
arately to the contralateral hemisphere [50-52]. Therefore, when
turning right, H. portusjacksoni use their left eye to view the open,
unexplored area of the maze. After a turn was made, sharks were
completely enclosed in the end of the selected maze arm for a two-
minute inter-trial interval while water was stirred and the barrier
was moved to set up the maze for the following trial.

2.3.2. Rotational swimming preference

Rotational preferences have been used to measure laterality in
several species of mammals [53-55] and fishes [29,56,57]. In this
study we employed the same technique to describe motor laterality
in H. portusjacksoni. To minimize stress during testing, experimen-



242 E.E. Byrnes et al. / Behavioural Brain Research 305 (2016) 239-246

tation occurred within housing tanks (1000L aquaculture tubs;
1.25 m diameter x 0.90 m depth). To test sharks independently, all
sharks were removed from their housing tank and placed in a
holding tank identical to their housing tank. Then one shark was
randomly captured from the holding tank and individually placed
back into its housing tank for testing. One trial was conducted for
each individual.

Testing consisted of a 30-min acclimation period to allow sharks
to return to normal activity, followed by a 5-min testing period,
during which all swimming behaviours were recorded. Trials were
video recorded via a GoPro Hero 3 Black Edition (GoPro, Inc.,
San Mateo, CA, USA) mounted above the center of the tank. Lat-
eral asymmetries were analyzed from video recordings by radially
dividing the tank into eight equal sections and counting how many
times an individual crossed into a new section and from what
direction (clockwise or counterclockwise; Fig. 1B). To eliminate
the possibility of water currents influencing swimming direction,
water inflow was turned of for the duration of the trial. In between
trials, water was refreshed at a rate of 20 Lmin~! for 30 min.

2.4. Data analysis

2.4.1. Behavioural traits

Repeatability of personality traits were examined using linear
mixed-effects models fit by REML estimation. For further details on
analysis, see Byrnes and Brown [44].

2.4.2. Lateralization

T-maze turn and rotational swimming preference laterality
were analyzed by calculating a ‘Laterality index’ (I ) for each
individual, where I, =(number of right turns —number of left
turns)/(total number of turns). For the rotational swimming pref-
erence, counterclockwise crossing of barriers were considered left
turns and clockwise crossing of barriers were considered right
turns. I is a continuous value, ranging from +1 to —1, in which
positive scores indicate a preference for rightward turns and neg-
ative values indicate a preference for leftward turns. ‘Laterality
strength’ (Ls) was calculated by taking the absolute value of I;.
Individuals were considered lateralized if Lg was greater than or
equal to 0.5, indicating that 75% or more turns were to a single side
[5,56]. Population level departures from random choice in lateral-
ity direction (;4=0) and overall non-lateralization were estimated
using two-tailed and one-tailed Wilcoxon signed rank tests, respec-
tively [10,58,59]. General linear models were used to examine the
influence of sex, population, time in captivity, total length, bold-
ness and stress reactivity on lateralization direction and strength.
Models were fit using an information-theoretic approach follow-
ing the guidelines of Burnham & Anderson [60]. If multiple models
competed for the best fit, model averaging was used to determine
the relative importance of fixed effects. Due to housing conditions
causing co-linearity between length, population, time in captivity
and social group, only the most important of these fixed effects was
included in the final model. Chi-squared with continuity correction
(due tosmall sample sizes) was used to test for differences of overall
lateralization between sexes. All statistical testing was conducted
in R Studio (Version 0.98.1103, R Core Team 2015) with an alpha
level of 0.05 used to interpret significance.

3. Results
3.1. Behavioural traits

All individuals completed the boldness and stress reactivity
tasks. Individuals demonstrated significantly repeatable individ-

ual differences in boldness (open field emergence time) and stress
reactivity (post-stress activity rate changes). Emergence times

1.0 - *

0.5

Proportion of sharks

0.0

T-maze Rotational swimming

Laterality Task

Fig. 2. Proportion of females (F) and males (M) showing lateralization in the T-maze
(left; n=17) and Rotational swimming (right; n=12) tasks. Significant difference in
population laterality between tasks (W =168.500, P<0.001) indicated with asterisks.

were repeatable across all trials (t=4.787, P<0.001). Mean indi-
vidual emergence time ranged from 10.50 to 932.75s. Change
in post-stress activity rate was repeatable across the two trials
(t=2.748, P=0.015). Mean individual activity level changes varied
from —34.25 tail beats min~—! to 90.05 tail beats min~!. For detailed
results, see Byrnes and Brown (In Review).

3.2. Lateralization

All best-fit models included lateralization direction or strength
as the response variable and sex, population, boldness, and stress
reactivity as covariates.

3.2.1. T-maze turn preference

All 17 individuals completed the T-maze turn preference task. H.
portusjacksoni did not demonstrate population level lateralization
in the T-maze task. Of the 17 sharks, five demonstrated lateraliza-
tion in their turn preferences. Models revealed that direction and
strength of lateralization did not differ by sex or population and
was not related to either boldness or stress reactivity. Five out of
nine females were lateralized (Fig. 2), but direction of lateralization
varied by individual; four were left lateralized and one was right
lateralized. Males, on the other hand, did not demonstrate a turn
preference (Fig. 2).

3.2.2. Rotational swimming preference

Laterality scores could not be determined for five sharks since
they failed to move during the testing period. Thus these five sharks
were removed from analysis and rotational swimming analysis was
conducted using the remaining 12 sharks (six male and six female).
H. portusjacksoni demonstrated a tendency for lateralized rotational
swimming preference (V=66, P=0.018; Fig. 2), with nine out of
twelve sharks demonstrating preferred rotational swimming direc-
tions, but direction varied by individual. Two females preferred
swimming clockwise, two preferred swimming counterclockwise
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and two had no preference. Of the males, four preferred swim-
ming clockwise, one preferred swimming counterclockwise and
the remaining one demonstrated no preference. No significant cor-
relations (sex, population, boldness or stress reactivity) were found
with preferred swimming direction. The strength of lateralization
significantly correlated with individual stress reactivity (t=—-5.792,
P<0.001) and sex (t=-3.253, P=0.014), but did not correlate with
boldness or population. We found that individuals that were more
reactive to stress had stronger laterality scores (Fig. 3B).

3.3. Lateralization across contexts

Significantly more H. portusjacksoni were lateralized in rota-
tional swimming preference than in T-maze turn preference
(F=8.009, P=0.001; Fig. 2). The direction of laterality, however,
did not differ between the two laterality tests. Spearman rank
correlation yielded highly significant correlations in individual lat-
erality direction (S=44.320, P<0.001) and strength (S=70.928,
P=0.005) between T-maze turns and rotational swimming. Of the
12 sharks that complete both tests, females (four of six) were sig-
nificantly more lateralized across both tests than males (zero of six;
x%=3.375, P=0.033).

4. Discussion

The findings of this study are novel as they demonstrated
the first account of behavioural lateralization in an elasmobranch
species. Contrary to expectations, H. portusjacksoni did not demon-
strate population level lateralization. Instead, sharks demonstrated
inter-individual variation in preferences while turning in a T-maze
or swimming direction in a circular enclosure. Additionally, we
found that individual strength of lateralization during rotational
swimming was linked with individual stress reactivity. Expression
of lateralization differed between males and females, and was gen-
erally more apparent in rotational swimming than the T-maze turn
task.

The finding of individuality in laterality has been common
amongst numerous species of nonhuman animals. In a study
examining lateralization of 16 species of fish, Bisazza et al. [61]
demonstrated that direction of laterality is individually depen-
dent in six species. Moreover, a degree of individual variation was
apparent within the remaining 10 species that showed population
laterality biases where a few fish exhibited a strong preference to

turn the opposite direction of their respective population bias. Sim-
ilar individual variation has been seen in other vertebrate species
including reptiles [14], birds [4], and mammals [55]. In this study,
sharks demonstrated inter-individual variation in preferences of
turning/swimming direction in both tests. Furthermore, individual
I, and Ls was consistent between laterality tasks, indicating that
lateralization is highly individual in Port Jackson sharks. We cau-
tion that these conclusions should be further corroborated with
larger sample sizes. In addition, laterality should be investigated
in other elasmobranch species to understand if the lateralization
trends observed here are consistent with other benthic and free-
swimming species.

It is proposed that variation in laterality is maintained through a
link with other inter-individual behavioural differences [13]. While
no relationship was found between boldness and laterality, the
observations in the present study corroborate that inter-individual
laterality variation may be maintained through a correlation with
corticosterone levels and stress responses. Previous research has
demonstrated that a high level of corticosterone during embryonic
development impairs the development of cerebral lateralization in
domesticated chicks. Resultantly, once hatched, these nonlateral-
ized individuals had chronically higher levels of corticosterone and
were more reactive to stressors [34]. Similarly, nonlateralized dogs
and humans demonstrated higher emotional reactivity to stressors
[33,62]. In contrast, the observations in this study indicated that
more strongly lateralized H. portusjacksoni were more reactive to
stress. The paucity of research makes it difficult to draw general
conclusions; however, the contrasting evidence suggests a context
specific, and perhaps species’ specific, relationship between stress
responses and lateralization. In Barnard et al.’s [63] study with
sheep, lateralization was related to stress reactivity when activ-
ity level was used as an indicator of stress; whereas the use of
vocalizations as an indicator of stress demonstrated no such rela-
tionship. While little evidence exists for a relationship in teleost
fishes, Dadda et al. [64] described partial emotional reactivity dif-
ferences between lateralized and nonlateralized Girardinus falcatus
in two of four stress tests. It is clear that the link remains equivocal
in animals and warrants further investigation. We suggest future
research take a comparative approach to examine any discrepan-
cies between various stress indicators (i.e. stress hormone levels,
respiratory rate, activity levels, etc.).

The inter-individual variation in lateralization observed in this
study may also be maintained through a lack of evolutionary selec-
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tive pressures acting on lateralization in H. portusjacksoni. Several
studies have demonstrated that fishes from high predation habi-
tats or that shoal tend to show greater population level laterality,
indicating that predation pressure and shoaling tendency play
important roles in the evolution of laterality in fishes [9,23,61,65].
The ability to efficiently process information about predators, sep-
arately from information on conspecifics’ movements, is likely
essential to maintaining shoal cohesion while evading predators
[61]. Little is known about species that predate on H. portusjacksoni,
but mortality rates have been shown to be exceptionally low after
birth, indicating that little predation occurs [66,67]|. Armed with
dark, disruptive coloration and calcified dorsal spines, juveniles
avoid detection from predators by resting on complex backgrounds
in the interface between seagrass beds, whereas adults restin caves
or kelp beds, where large predators are unlikely to have feasible
attack angles [43]. Furthermore, there is no record of H. portusjack-
soni demonstrating shoaling behaviours. Therefore, given the lack
of predation pressure or regular socially cohesive behaviours, it is
unlikely that strong selective pressures would select for popula-
tion level laterality in H. portusjacksoni; further explaining the lack
of population level laterality observed in this study.

Alternatively, we cannot rule out the possibility that the lack of
a population bias was an artifact of the experimental conditions,
which did not include a biologically relevant stimulus during tri-
als. Population laterality biases have often been observed in fishes
when inspecting a predator or conspecific [29,37]. However, when
fish are free swimming without the presence of a stimulus, later-
ality biases often disappear [29]. In theory, one reason for defined
laterality in animals is to enhance the simultaneous processing of
multiple stimuli [15,68]. Without the presence of a biologically
relevant stimulus, such as a predator or possible mate, test sub-
jects may not have experienced substantial cognitive loading that
requires partitioning of the processing of stimuli to different brain
hemispheres, resulting in an absence of observed laterality biases
[10].

Interestingly, more sharks showed laterality for rotational
swimming preferences (9 of 16) compared to T-maze turn prefer-
ences (5 of 16). This may be attributed to the influence familiarity
with an environment may have on laterality expression. When pre-
sented with the detour test for the first time, convict cichlids (A.
nigrofasciatus) did not demonstrate lateralization. However, after
24 h of familiarization with the testing arena the same cichlids
demonstrated significantly stronger lateralization [69]. Similarly,
sharks in this study demonstrated greater lateralization when
tested in the familiar environment of their housing tank, compared
to the novel T-maze environment. When placed in a novel environ-
ment, it would be most advantageous for individuals to fully assess
the area for shelter and foraging patches before establishing indi-
vidual preferences. Therefore, it would make sense that laterality
differences only arise in familiar environments when all options for
shelter and foraging have been assessed and the most advantageous
preference can be accurately chosen.

Despite our relatively small sample size, our data suggested that
laterality is likely sex dependent in elasmobranchs. About 50% of
females were lateralized across both the T-maze turn and rotational
swimming preference tests, whereas no males were lateralized
across both tests. More prominent lateralization in female H. por-
tusjacksoni may be explained by differences in male and female
social behaviours, as well as the cognitive advantages of cerebral
lateralization. Female H. portusjacksoni demonstrate social refug-
ing behaviours throughout the year, whereas male aggregations
have only been observed during the mating season [42,43]. Social
recognition has been shown to be strongly lateralized behaviour,
and is demonstrated as important influence on maintaining social
cohesiveness in fishes [6,61,70]. The effectiveness of these social
refuging behaviours is likely enhanced by the cognitive advantages

of stronger cerebral lateralization, and may be particularly impor-
tant during mating season when males regularly harass females.
More strongly lateralized individuals demonstrate more efficient
processing of multiple stimuli, prospectively due to the ability to
partition tasks to separate parts of the brain [68]. In goldbelly top-
minnows (G. holbrooki), this task partitioning enabled lateralized
females to forage more efficiently while attending to harassing
males [71]. During mating, male H. portusjacksoni secure them-
selves for copulation by biting onto a female’s pectoral fin and
may even wrestle her into submission [72,73]. These mating bouts
are energetically taxing and can leave open wounds, subjecting
females to infection [74]. Given the physically taxing nature of
elasmobranch mating and the continuous foraging strategy of H.
portusjacksoni, this enhanced ability to attend to harassing males
while meeting daily energy intake needs may be an important
adaptation to ensure mating season success in females.

It is possible that reproductive behaviour is lateralized in H.
portusjacksoni, as reproductive asymmetries have been reported
in other elasmobranch species. Ebert et al. [75] found that only
the left ovary functions in three species of catsharks, and in reef
mantas, over 95% of mating scars have been observed on females’
left pectoral fin (personal communication; Guy Stevens). Similarly,
a preference for males to approach from one side during mat-
ing has been reported in poeciliid fish [76]. If H. portusjacksoni
demonstrate similar reproductive asymmetries, female lateral-
ization would be beneficial in processing information on male
mating behaviours and may even facilitate insemination. It is
currently unknown if elasmobranch species exhibit asymmetrical
reproductive behaviours, as observations of elasmobranch mating
behaviours have been rare and side preferences seldom quantified.
More observations of elasmobranch mating are needed to elucidate
possible asymmetries and the potential advantages it may confer
in elasmobranch species.

5. Conclusions

In conclusion, our findings clearly demonstrated individual and
sex biased variation in laterality in H. portusjacksoni. This study is
the first to demonstrate behavioural lateralization in an elasmo-
branch species. Given the wide specious taxa and the multitude of
behavioural niches filled by elasmobranchs, additional research is
warranted in a variety of other species. Future work should examine
if laterality trends observed in this study are consistent in species
with contrasting life-styles, such as free-swimming houndsharks
or requiem sharks.

In support of previous hypotheses, we suggest that variation
in lateralization is partially maintained due to a link with stress
reactivity, and possibly other personality traits. Previous research
examining the link between personality and laterality in fishes
has provided a mixture of supporting and contrasting evidence
[9,23,24], and thus the question of how and why certain personality
traits correlate with laterality remains open. Additionally, mecha-
nisms that influence laterality in different testing apparatuses are
highly equivocal. Therefore, further work on the influence of habit-
uation is warranted, and we suggest future investigations employ
a comparative approach.
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