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Abstract
Ocean warming can induce physiological and behavioural effects in marine predators that can cascade through
ecosystems. A lack of understanding of the effects of elevated temperature on shark behaviour remains an imped-
iment to forecasting ecosystem-wide impacts. Port Jackson shark eggs were incubated and reared at current and
projected end-of-century temperatures (+ 3 °C). We tested juvenile’s learning ability with a quantity discrimination
task. The mortality rate of sharks reared in warm water was 41.7% compared with no mortality in the present-day
sharks. Contrary to expectations, our results suggest that surviving hatchlings from the elevated-temperature group
took fewer days to reach learning criterion and had a higher proportion of correct choice compared with hatchlings
reared under present conditions. Additionally, this is the first data suggesting that sharks can discriminate different
quantities. Our results seem to indicate that learning and behaviour might play a role in allowing elasmobranchs to
overcome some of the deleterious effects of climate warming, but further research is needed to fully comprehend
these findings.

Significance statement
The world’s oceans are warming at an unprecedented rate, which will impair development and alter physiological
and behavioural traits in marine predators. Learning may play a leading role in allowing apex and mesopredators to
adapt to a rapidly changing environment; however, no studies have tested the impacts of ocean warming in their
learning abilities. We incubated and reared Port Jackson shark eggs at current and projected end-of-century temper-
atures (+ 3 °C). Contrary to expectations, surviving juveniles from the elevated-temperature group showed better
learning performance, potentially adding learning ability to a growing list of traits that incubation temperature can
modify during early development in marine predators. Our results were not entirely negative; it is possible that
increased learning performance might allow apex and mesopredators to increase foraging efficiency and match
increased energetic demands caused by elevated temperature.
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Introduction

Climate change is altering natural systems at an unprecedented
rate. Global sea-surface temperature has increased by 1 °C over
the past 120 years and is predicted to increase by a further 2.6–
4.8 °C in the next century under ‘business-as-usual’ scenarios
(Collins et al. 2013; Pörtner et al. 2014). Global warming has
already affected multiple terrestrial and marine organisms
around the globe, causing shifts in abundance, distribution,
and phenotypic changes, among others (Parmesan 2006).

Ectothermic animals are especially vulnerable to global
warming because their body temperature and basic physiological
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functions are regulated by environmental temperatures.
Exposure to elevated temperatures impacts many morphological
and physiological traits, with the most obvious influences on
variables such as metabolic rate, growth, and locomotor perfor-
mance (Cano andNicieza 2006; Calosi et al. 2008;Munday et al.
2008). Thermal stress during embryonic development is partic-
ularly harmful and likely causes significant effects on brain de-
velopment and cognitive performance (Jonson et al. 1976;Wang
et al. 2007; Dayananda and Webb 2017). For example, velvet
geckos (Amalosia lesueurii) incubated in warmer nest tempera-
tures took longer to locate a shelter and made more mistakes
compared with hatchlings from current-day temperatures
(Dayananda and Webb 2017). Additionally, individuals with
lower learning scores had lower post-release survival, suggesting
that hampered cognitive performance influenced fitness and sur-
vival (Dayananda and Webb 2017). Teleost fish reared in future
warming conditions also showed decreased growth, reproductive
output, and antipredator and foraging behaviour (Munday
et al. 2008; Nilsson et al. 2009; Donelson et al. 2010;
Nowicki et al. 2012).

Changes in growth, metabolic demands, and foraging of
predatory species are likely to have cascading effects through
ecosystems (Estes et al. 2011). Apex and mesopredators shape
ecosystem structure and function by inflicting mortality, induc-
ing costly antipredator behaviour in their prey (Heithaus et al.
2008), and/or imposing a ‘landscape-of-fear’ (Laundré et al.
2014). Because of their important ecological influence, it is
vital to understand how predatory species will be affected by
global warming from a physiological and behavioural perspec-
tive. However, research in marine apex and mesopredators in
the context of ocean warming is still very scarce.

A few studies have reported changes in physiology and
behaviour of elasmobranchs reared under predicted end-
of-century temperatures. Bamboo sharks (Chiloscyllium
punctatum) incubated under elevated temperatures
showed lower survival rates, higher metabolic and growth
rate, and decreased body condition (Rosa et al. 2014,
2016). Epaulette sharks (Hemiscyllium ocellatum) had
lower survival and abnormal coloration/patterns, and
while their food consumption rate did not increase, juve-
niles incubated at higher temperatures had decreased
growth rates (Gervais et al. 2016, 2018). In Port Jackson
sharks (Heterodontus portusjacksoni), elevated tempera-
ture increased the rate of embryonic development, food
consumption, and growth rate (Pistevos et al. 2015). In
addition, little skates (Leucoraja erinacea) reared under
simulated ocean warming had lower aerobic performance
and scope and decreased escape responses (Di Santo and
Bennett 2011; Di Santo 2016). With such consequences
on development, physiology, and behaviour, it is likely
that rapid ocean warming might also impact cognitive
skills in elasmobranchs, particularly given the high ener-
getic costs associated with maintaining a large brain.

While learning and behaviour may play a leading role in
allowing individuals to adapt to the rapidly changing en-
vironmental conditions (Brown 2012; Wong and Candolin
2015), there is a tremendous gap in empirical studies test-
ing the impacts of ocean warming on the learning abilities
of marine predators.

The capacity to make relative quantity judgements is one
among the many abilities animals evolved to deal with the eco-
logical and social challenges they face (Geary et al. 2014).
Choosing to forage in a patch with the larger number of items
or fewer competitors can improve foraging efficiency and joining
a larger social group can reduce sexual harassment or predation
risk (Hager and Helfman 1991; Boysen et al. 2001; Agrillo et al.
2007; Panteleeva et al. 2013). Numerical abilities have been
observed in a wide range of taxa, from mammals (Boysen
et al. 2001; Ward and Smuts 2007), birds (Hunt et al. 2008;
Rugani et al. 2013), reptiles (Petrazzini et al. 2017), amphibians
(Krusche et al. 2010), teleost fish (Agrillo et al. 2014), and some
invertebrates (Chittka and Geiger 1995; Carazo et al. 2009), but
remain to be tested in elasmobranchs. From an evolutionary
perspective, it is likely that the selective pressures driving the
evolution of numerical cognition are common to all vertebrates
including elasmobranchs, considering they seem to share a basic
cognitive toolbox (Schluessel 2015).

The Port Jackson shark is an oviparous species widely
abundant in temperate Australian waters (Last and Stevens
2009). Port Jackson sharks are mesopredators and might
play a role in regulating coastal reef environments (Burt
et al. 2018). On the east coast of Australia, Port Jackson
sharks undertake a long-distance migration every year from
foraging areas to their breeding reef and show extremely
high site fidelity to their breeding grounds within and be-
tween years (Bass et al. 2016). Females lay their eggs on
shallow rocky crevices and, under ambient conditions, em-
bryos have an incubation period of 10 to 11 months (Rodda
and Seymour 2008). High site fidelity to traditional breeding
locations might constrain their capacity to respond to rapidly
changing conditions (Root et al. 2003; Calosi et al. 2008).
Moreover, with such a long incubation period, Port Jackson
shark embryos are exposed to prevailing environmental con-
ditions and have little choice other than to adapt, acclimate,
or die. These factors mean that Port Jackson shark popula-
tions may be susceptible to global warming and reduction in
population size might cause ecosystem-wide trophic cas-
cades. Since Port Jackson sharks are reasonably small and
do well in captivity, they are an excellent species to test the
effect of elevated temperature on behaviour and cognition.
In this study, we tested the hypothesis that juvenile
H. portusjacksoni can discriminate between two quantities
and that rearing temperature influences their learning perfor-
mance. We predicted that sharks incubated at elevated tem-
perature would show impaired learning ability owing to ther-
mal impacts during development.
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Methods

Egg collection and incubation

We collected Port Jackson shark eggs from Jervis Bay, New
South Wales (35.07′ S, 150.68′ E) in October–November
2016. All eggs had been laid within 6 weeks prior to collection
(see Supporting Information S1). Eggs were held in 40 L
tanks containing natural-filtered seawater and temperature
was maintained using a custom-design environmental control
mixing chamber. Following transport, eggs were left to rest for
7 days. We randomly divided eggs among two treatments: a
control temperature treatment (‘C’; n = 12) incubated at 20.6
± 0.5 °C, consistent with the annual average maximum tem-
perature in Jervis Bay; and an elevated temperature treatment
(‘ET’; n = 12) incubated at 23.6 ± 0.5 °C, representing an end
of century projected sea-surface temperature increase under
the representative concentration pathway (RCP) 8.5 climate
model (Collins et al. 2013). This latter temperature was ob-
tained by steady increases of 0.5 °C/day.

When the egg capsules’ mucous plug opened, approxi-
mately 4 months into development, the embryos were re-
moved from the egg and placed in individual containers with-
in the housing tank to directly monitor growth and
development.

Husbandry and rearing

Approximately 1 month after ‘hatching’ (external yolk
completely exhausted, internal yolk virtually depleted, and
disappearance of slime coat; stage 15, Rodda and Seymour
2008), individuals were moved to the Sydney Institute of
Marine Science (SIMS). Sharks were housed in groups of
six animals in 1000 L tanks maintained at incubation temper-
atures using submersible heaters (one 2000 W titanium stick
heater or four 300 WAquaOne glass heaters). For additional
details see Supporting Information S2.

Five sharks from the ‘elevated temperature’ treatment did
not survive the second month after ‘hatching’ (three deaths
and two euthanized because they were not feeding). We there-
fore started the procedure with seven ‘ET’ (4 females, 3
males) and twelve ‘C’ (5 females, 7 males) sharks, 58.3 and
100% of our initial sample size for each group, respectively.

Experimental apparatus

The experimental tank (180 × 100 × 40 cm, Fig. 1a) wasmain-
tained at incubation temperatures using four to six 300 W
AquaOne glass heaters. The tank contained an opaque,
enclosed start box (40 × 20 × 40 cm) at one end, with a sliding
door facing the middle of the tank, and a black wall at the
opposite end. Water inflow was provided from both sides of
the tank and water outflow was located on the left side of the

start box area. Stimuli were printed within a 9 × 9 cm white
square and were displayed on either side of the black wall,
adjacent to the bottom of the tank (since Port Jackson sharks
usually swim close to the ground; Fig. 1b). The daily food
intake per individual was equivalent to 2% of its wet body
weight in squid (Loligo opalescens) pieces.

Procedure

Familiarisation

Familiarisation was set up to allow the shark to overcome any
stress associated with moving tanks and become familiar with
the learning procedure. During this phase, the shark could
swim freely in the experimental tank for a 30-min period.
We presented them with two ‘sham stimuli’—a black geomet-
ric shape inwhite background, randomly selected from a set of
four (square, triangle, cross, or x mark; Fig. 1c). After 30 min
elapsed, the shark was fed with long aquarium tongs within a
20-cm radius of either stimulus (‘decision zone’; Fig. 1a). The
familiarisation phase occurred over 4 days. On day five, each
shark ran a behavioural laterality assay for another study (Vila
Pouca et al. 2018).

Quantity discrimination (3 vs. 6)

Training sessions started the day following the laterality
test and were conducted once a day, always at the same
time. All sharks were trained with the same numerical
contrast: 3 vs. 6. For half of the individuals in each
treatment group, the smaller numerosity (3) was chosen
as the positive stimulus, and for the other half, the
larger numerosity (6) was chosen as the positive stimu-
lus. To avoid or minimise correct identification of the
positive stimulus based on pattern recognition, different
stimulus pairs with different spatial arrangement and/or
sized dots were shown on each trial, pseudo-randomly
chosen from a set of three options per numerosity (Fig.
1c). To decrease the difficulty of the task, we did not
control for ‘continuous quantities’ (non-numerical cues
such as cumulative surface area, sum of perimeter of the
figures, overall space occupied by the array, or lumi-
nance); therefore, the sharks could solve the task by
using numerical and/or quantity information. The posi-
tion of the stimuli (left–right) was counterbalanced over
trials, with each numerosity never shown more than
twice consecutively on the same side. Each session
consisted of 5 min of acclimation in the experimental
tank, followed by six training trials (see Supporting
Information S3 for details). For each trial, we recorded
the sharks’ first choice and latency to push against the
stimulus, and latency to eat the food reward.
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Data analysis

Trials were video recorded and trial statistics were collected
by two observers using BORIS v. 2.62 (Friard and Gamba
2016). It was not possible to record data blind because our
individuals have uniquely identifying markings. Statistical
analyses were conducted in R v. 3.4.3 (R Core Team 2017).

Quantity discrimination (3 vs. 6)

Lack of motivation was apparent in some trials, in which
the sharks did not press their nose against one of the
stimuli (hereafter referred to as null trials). Separate
Mann–Whitney U tests were used to compare the overall
proportion of null trials of ‘C’ and ‘ET’ sharks and of
sharks that learnt or did not learn the task.

We considered that a shark was successful during training
if it made a correct choice in 9 out of 12 consecutive trials. If a
shark did not reach learning criterion after 35 days, it was
excluded from the analysis. Due to our small sample size,
we used separateMann–WhitneyU tests to compare the learn-
ing performance of the two treatments. Our response variables
included (1) number of days to learn the task; (2) proportion of
correct choice; (3) proportion of correct choice excluding null
trials; (4) latency of choice; (5) latency of correct choice; and
(6) latency to retrieve food reward.

To investigate if individuals that failed to reach learning
criterion developed a side bias and if side choice and outcome
in one trial would influence side choice on the following trial,
we estimated discrete-time Markov chain (DTMC) transition
probability matrices between trials (t—1) and t for each indi-
vidual shark (package markovchain, Spedicato et al. 2016).
Transition matrices were computed excluding days 1–6 (when
incorrect choices were not scored). Confidence intervals of
individual transition matrices should be considered cautiously
due to low raw counts of transition steps.

Data availability

The data collected and analysed during the current study is
available from the corresponding author upon request.

Results

Five sharks were excluded from the quantity discrimination
task: two ‘ET’ individuals did not acclimatise and were not
eating in the experimental setup and three ‘C’ individuals did
not participate in the experiment. Nine ‘C’ sharks and five
‘ET’ sharks remained in the experiment. Of these, ‘ET’ sharks
participated in the task more often than ‘C’ sharks (Supporting
Information, Fig. S1; W = 41, P = 0.0162). We found no dif-
ferences in the proportion of null trials between sharks that
learnt or did not learn the task (W = 22, P = 0.846).

Learning outcome

Three out of nine (33.3%) ‘C’ sharks and three out of five
(60%) ‘ET’ sharks reached learning criterion. All three
‘C’ sharks were trained to select the larger numerosity
(6) and all three ‘ET’ sharks were trained to select the
smaller numerosity (3). For this reason, incubation treat-
ment and positive stimulus were confounded; however,
positive stimulus was not linked to the proportion of suc-
cessful sharks or the number of days to reach learning
criterion and thus seems to have been less influential than
incubation treatment. We therefore used incubation treat-
ment alone when analysing performance of successful
sharks but are aware that we cannot fully disentangle the
effects of each variable individually. Of the six ‘C’ sharks
that failed learning criterion, 50% had been trained to
select ‘3’ and 50% had been trained to select ‘6’; the
two ‘ET’ sharks that failed learning criterion had been
trained to ‘6’.

stimulus start box(a)

decision
zones

water inflow
water outflowheater

9cm 40cm

9cm

(b)

20cm

40cm

(c)

Fig. 1 aDiagram of the experimental tank during the quantity discrimination phase. b Stimuli were displayed on either side of a black wall opposite the
start box, adjacent to the bottom of the tank. c Set of stimuli used during the familiarisation and quantity discrimination phases
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In contrast to our prediction, the three ‘ET’ sharks took
fewer days to reach learning criterion (mean ± SD = 12.7 ±
2.3 days) compared with the three ‘C’ sharks (mean ± SD =
31.0 ± 4.6 days; Fig. 2). Individual variation within the groups
was low, which suggests the difference in number of days to
learn the task might not be due to chance alone. However,
since our sample size is low, we do not have statistical power
to compare the two groups.

Correct choice performance

‘ET’ sharks had a higher proportion of correct choice over all
trials compared with ‘C’ sharks (Fig. 3a; W = 338.5,
P < 0.001), even when excluding null trials (Fig. 3b; W =
416.5, P = 0.0427). In the latter, the difference seems to be
stronger in the initial days, driven by the low participation of
‘C’ in the task (Supporting Information Fig. S1). Unlike clas-
sic learning curves, sharks did not show a positive trend in the
proportion of correct choices (excluding null trials) over train-
ing days. Visual inspection of individual data indicates that
most animals performed close to random most of the training
days, followed by a steep increase in performance over 2/3
days prior to reaching learning criterion.

Choice and reward latency

We found no differences between treatments in choice latency
(Fig. 4a; W = 506, P = 0.312) or in latency of correct choice
(Fig. 4b; W = 487, P = 0.517). The average choice latency
over all trials was 30.82 ± 9.96 s (mean ± SD) in ‘ET’ sharks
and 29.75 ± 18.88 s (mean ± SD) in ‘C’ sharks. The latency to
retrieve the food reward also did not differ between treatments
(Fig. 4c; W = 484, P = 0.494). In all three response variables

(choice latency, correct choice latency, and reward latency),
individual variation seemed to be lower in the ‘ET’ group
compared with ‘C’ sharks.

Side bias

Choice/outcome DTMC transition probabilities for seven
sharks that failed to learn the task show an overall bias to
choose the stimulus on the right (Fig. 5; shark C407 was not
included since it made very few consecutive choices).
Individual variation in choice strategy was also apparent:
ET433 and C430 both had a higher probability of choosing
right after a right-side choice and of choosing left after a left-
side choice; ET455 and C460 had an overall bias to choose
right, but C460 chose left more often after gaining a reward on
the left and ET455 after missing a reward on the left; and
C456 tended to alternate to the right after choosing left and
choose both sides randomly after a right-side choice.

Discussion

Our results suggest that Port Jackson shark juveniles incubat-
ed under predicted end-of-century temperatures performed
better in a visual learning task compared with sharks incubat-
ed under current-day conditions. In addition, this study pro-
vides the first evidence of quantitative abilities in an elasmo-
branch species.

Incubation at elevated temperature is known to hamper
survival, brain development, and learning ability in some in-
vertebrate and vertebrate species (Jonson et al. 1976; Jones
et al. 2005; Rosa et al. 2014; Dayananda and Webb 2017).
However, despite higher mortality in our ‘ET’ group (41.7%
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SD) taken to reach learning criterion
by incubation treatment. Individual
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treatment). The sharks that failed to
learn the task are represented above
the dashed line

Behav Ecol Sociobiol (2019) 73: 93 Page 5 of 9 93



did not survive the second month cf. 0% mortality in the
control group), the surviving ‘ET’ hatchlings showed faster
learning and higher proportion of correct choices over the
course of the experiment, largely driven by their increased
participation in the task. It is unclear if the results observed
in the present study were due to plastic responses during de-
velopment or selective mortality of sharks that would be ‘be-
low average’ learners. Nonetheless, it is apparent that climate
change will impact elasmobranchs in many ways and our
study potentially adds learning ability to a growing list of traits
that incubation temperature can influence during vulnerable
early developmental stages. These results seem to be in accor-
dance with similar studies in reptiles. Three-lined skinks
(Bassiana duperreyi) incubated at higher temperatures also
outperformed ‘cold’-incubated individuals in multiple learn-
ing tasks (Amiel and Shine 2012; Clark et al. 2014), though
both thermal regimes tested were typical natural nest condi-
tions from low (hot) or high (cold) elevations. Elevated tem-
perature during incubation induces significant metabolic and
ventilatory costs, as well as an increase in food consumption
rates, in a range of ectotherms, including reptiles, teleosts, and

elasmobranchs (Cano and Nicieza 2006; Nilsson et al. 2009;
Di Santo and Bennett 2011; Rosa et al. 2014; Pistevos et al.
2015). It is possible that in this study, ‘ET’ hatchlings also had
increased metabolic requirements and might have valued re-
wards at a higher level compared with sharks from ambient
conditions. In addition, thermal regimes during incubation
might cause a change in endocrine pathways linked with brain
development. For example, changes in temperature can affect
endocrine homeostasis responsible for gonadal differentiation
in reptiles and fish (Van Der Kraak and Pankhurst 1997;
Amiel and Shine 2012). Thus, thermal effects on hormone
levels or receptors may also induce structural variation of
brain regions. Indeed, incubation treatment has been shown
to cause differences in size and volume of specific brain re-
gions, and in neuron size, number, and density in the few
species examined, yet the mechanisms underlying these
changes are still largely unknown (Jonson et al. 1976; Jones
et al. 2005; Wang et al. 2007; Amiel et al. 2017). It is impor-
tant to note, however, that our sample size was low and there-
fore we lack statistical power to make strong comparisons
between the treatments.
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This study provides the first data on quantitative abilities in
elasmobranchs, the only vertebrate group not investigated to
date. All fourteen sharks included in the experiment showed a
decrease in latency to choose one of the stimuli and in latency
to retrieve the reward, and six individuals reached learning
criterion within 35 training days. While the result shows that
the species is likely equipped with the neuro-cognitive sys-
tems required to discriminate two quantities, about half of the
individuals failed to acquire the discrimination. Two main
hypotheses could be advanced. First, it is possible that those
individuals required further training to reach learning criteri-
on. This hypothesis is supported by the high individual-level
variability we observed in the number of days to reach crite-
rion. Alternatively, learning and memorising attributes such as
quantities (that in the wild might translate to patch quality, for
example) is costly given the fact that it relies on underlying
brain tissues (Fagan et al. 2013). It is therefore possible that,
for some individuals, attribute memory incurs extensive costs
based on interindividual differences (e.g. physiological or in-
ternal states) that strongly influence the net fitness benefits of
memory (Fagan et al. 2013). Additionally, the forced-choice
training procedure with 2D stimuli presented in a card could
also present an impediment, as learning an association be-
tween the numerosity of arbitrary stimuli and a reward is un-
likely to occur in nature. Spontaneous choice tests with groups
of conspecifics or food are the typical alternative to operant
training procedures in numerical competency tasks (Agrillo
and Bisazza 2014), but we are not convinced they would be
a better alternative for this species. Juvenile Port Jackson
sharks do not actively associate with conspecifics (Vila

Pouca and Brown 2019), and the aquatic environment pre-
sents difficulties in controlling for olfactory cues, added to
satiation effects, if pieces of food were used as stimuli.

Within each treatment group, the sharks that acquired the
discrimination were trained towards the same numerosity
(‘ET’ sharks trained to ‘3’ as positive stimulus, and ‘C’ sharks
trained to ‘6’ as positive stimulus). In relative quantity judge-
ments, animals can use both numerical and non-numerical
information that covaries with number (‘continuous quanti-
ties’), and most studies suggest that individuals will spontane-
ously use continuous quantities if they are available (Geary
et al. 2014). Animals also tend to use relative numerosity rules
over absolute contrasts, even though they can learn with either
criteria (Agrillo et al. 2011). In this study, we did not control
for all non-numerical information; therefore, the sharks could
solve the task by using numerical and/or quantity information.
Since the same number of animals succeeded in the task with
‘3’ or ‘6’ as positive stimulus (three individuals in both cases),
and considering our low sample size, we are unable to deter-
mine whether one quantity would be easier to learn compared
with the other.

It is interesting to note that, in this study, sharks that failed
to learn the quantity discrimination developed a side bias to-
wards the stimuli shown on the right side of the wall. We
observed a similar bias to choose the option on right in indi-
viduals that failed to discriminate between two auditory stim-
uli (Vila Pouca and Brown 2018), and similar side preferences
have been reported in other species under a learning context
(e.g. eastern water skink (Eulamprus quoyii), Szabo et al.
2019). This side bias could be an expression of brain
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lateralisation (Vallortigara and Rogers 2005; Vila Pouca et al.
2018) but might also arise from a decision-making context,
where having a default option in a two-choice situation yields
a consistent payoff (the animal always receives 50% of the
rewards) compared with a variable payoff rate obtained from
random choice (Monteiro et al. 2013).

In conclusion, our results show that juvenile sharks are
capable of quantity discrimination and suggest that elevated
temperature during embryonic development might alter be-
havioural and cognitive abilities. This study provides an indi-
cation that elasmobranchs may be affected by future ocean
warming, though our results on the surviving juveniles were
not entirely negative. It seems that behavioural and cognitive
mechanisms might allow surviving individuals to compensate
for some of the challenges imposed by climate change.
Further studies with greater sample sizes and on other shark
species are required before we can fully understand the effects
of climate warming on shark cognition and behaviour.
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