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Learning is a process that allows animals to develop adaptive behavioural responses to novel situations
within an individual's lifetime. The simplest form of learning, habituation, acts a fundamental filter
mechanism, which allows animals to ignore irrelevant recurring stimuli, thereby freeing up fitness-
related resources, such as time and energy, as well as neural capacity. Although earlier studies have
demonstrated that habituation occurs in a variety of taxa ranging from insects to mammals, our
knowledge of this process in elasmobranchs is limited. Sharks and rays face an increasingly popular
shark-diving industry, so it is important to understand how sharks respond to attractants used by
tourism operators. Our study investigated whether sharks habituate to the smell of a potential food
source, which has been proposed as a sustainable alternative to actively feeding sharks. We exposed 11
captive juvenile sharks individually to the smell of squid for 4 min, three times per day for 21 days in the
absence of a food reward. We found declining responses to the stimulus within and across daily exposure
sessions, indicating both short- and long-term habituation. Our findings suggest that sharks learn to
avoid wasting time and energy on inaccessible food sources. Given the decreasing response observed in
our study, the use of olfactory cues only may have limitations in its efficacy to attract sharks for tourism
purposes. Habituation may act as a driver of optimal foraging strategies, enabling sharks to quickly
abandon low-yielding foraging patches in search of more productive sites.
© 2022 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Learning is a process that is based on individual experience and
is essential in shaping animal behaviour through developing
adaptive responses to novel situations (Dill, 1983; Guttridge et al.,
2009; Kawecki, 2010; Pearce & Bouton, 2001). While some forms
of learning result in an association between two distinct events
(associative learning), others result from a repeated stimulation
with a single stimulus (nonassociative learning) (Lieberman, 1999).
As one of three forms of nonassociative learning, habituation has
been defined as a declining response to a repeated stimulation, in
the absence of any reward or punishment (Marcus et al., 1988;
Rankin et al., 2009; Thompson& Spencer, 1966). It is a fundamental
and important filter mechanism that allows organisms to ignore
irrelevant recurring stimuli and is commonly referred to as the
simplest and perhaps most elementary form of learning and
behavioural plasticity (Groves & Thompson, 1970; Rankin et al.,
2009; Thompson & Spencer, 1966).
. Heinrich).
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Despite being generally thought of as the simplest form of
learning, habituation is also considered to be a cognitive building
block as it allows for a reallocation of freed-up neuronal resources
to be used in more complex cognitive functions (Fabiani et al.,
2006; Rankin et al., 2009; Sinding et al., 2017; Wilson & Linster,
2008). It may also assist in optimizing an animal's foraging strate-
gies (Boyd et al., 1997; Haswell et al., 2018). Habituation has been
demonstrated in a wide range of taxa, including nematodes
(Hilliard et al., 2005; Rankin & Broster, 1992), insects (Baracchi
et al., 2018; Das et al., 2011; Haupt & Klemt, 2005), birds (Dong &
Clayton, 2009; Mbise et al., 2020; Petrinovich & Peeke, 1973), tel-
eosts (Fernandes-de-Castilho et al., 2008; Figler, 1972; Randlett
et al., 2019; Staven et al., 2019) and mammals (Bolivar, 2009;
Kirmani et al., 2010; Uchida et al., 2019). In teleosts, habituation to
novelty has been tested in electric fish, Gnathonemus petersii, and
zebrafish, Danio rerio, using brief novel stimuli of four sensory
modalities (acoustic, visual, electrical, electrolocation) and the
novel tank test, respectively (Post & von der Emde, 1999; Wong
et al., 2010). Short- and long-term habituation were successfully
evier Ltd. All rights reserved.
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demonstrated in both species, but high-intensity acoustic stimuli
and anxiogenic agents had habituation-impairing effects (Post &
von der Emde, 1999; Wong et al., 2010). The zebrafish has subse-
quently been used as an ecotoxicology model species to further test
the influence of certain chemical compounds on the process of
habituation (Wong et al., 2010). Habituation can also occur towards
ecologically relevant stimuli, such as cues from predators or con-
specifics, with a potential impact on individual fitness (Daniel et al.,
2019; Fernandes-de-Castilho et al., 2008; Staven et al., 2019). For
instance, female Trinidadian guppies, Poecilia reticulata, habituated
to male colour patterns when repeatedly exposed to a single male
specimen. Consequently, females become less attracted to familiar
males that may be genetically similar, encouraging outbreeding and
ensuring the population's genetic variability (Daniel et al., 2019).

In contrast to the growing body of knowledge on habituation in
teleosts (Daniel et al., 2019; Houslay et al., 2019; Post & von der
Emde, 1999; Wong et al., 2010), our knowledge of habituation in
elasmobranchs is limited. This is possibly due to the former
misconception regarding the learning capacities of elasmobranchs
and the early belief that learning within this taxonomic group is of
little importance (Northcutt, 2011; Schluessel, 2015). Furthermore,
habituation itself has often been referred to as the simplest form of
learning kindling little interest within the scientific community
(Lieberman, 1999; Thompson, 2009). A final reason may also be the
logistical challenges faced when working with large aquatic ani-
mals, such as sharks. Early observations on various shark species,
including blacktip reef, Carcharhinus melanopterus, grey reef,
Carcharhinus menisorrah, silky, Carcharhinus falciformis, sharpnose,
Rhizoprionodon sp., and nurse sharks, Ginglymostoma cirratum,
described signs of habituation to underwater sounds (Myrberg
et al., 1969; Nelson & Johnson, 1972; Nelson et al., 1969). Small-
spotted catsharks, Scyliorhinus canicula, also habituated to weak
electric currents resembling the sharks' natural prey items
following the repeated unrewarded exposure to the stimulus
(Kimber et al., 2014).

As part of wildlife tourism, one of the fastest-growing sectors of
the tourism industry, shark feeding is becoming increasingly pop-
ular (Meyer et al., 2021; Newsome et al., 2004; Orams, 2002).
Wildlife tourism describes any activities involving the watching
and viewing of wild animals (Knight, 2009). It has been associated
with numerous benefits, including local economic growth and
stability, reduced fishing pressure and increased conservation ef-
forts (Apps et al., 2018; Huveneers et al., 2017; Newsome et al.,
2019; Orams, 2002). However, several negative impacts on both
focal and nonfocal species have also been documented (Green &
Giese, 2004; Meyer et al., 2020; Rizzari et al., 2017; Semeniuk &
Rothley, 2008). These impacts may include a shift in the move-
ment patterns of the focal species, which may result in an increase
in conspecific bites, increased parasite loads and an overall
decrease in individual health (Corcoran et al., 2013; Semeniuk &
Rothley, 2008). Feeding wildlife may further cause a shift in the
diet of oftentimes smaller nonfocal species with yet unknown
consequences for the surrounding ecosystem (Meyer et al., 2020;
Rizzari et al., 2017). Therefore, some operators do not feed sharks
and only use olfactory cues to attract sharks in an effort to promote
more sustainable practices (Fitzpatrick et al., 2011). In some areas,
such as Hawaii, New Caledonia, and Florida, any activities related to
the feeding of sharks are banned. Besides protecting the sharks
from harmful effects, these bans were put in place to protect
humans from a potentially increased risk of shark bites sometimes
associated with shark-feeding operations (Burgess, 1998; FFWCC,
2002; Johansen, 2013; Techera, 2012). Similarly, cage-diving oper-
ators in South Australia are permitted to use bait to attract white
sharks to the boat, but are prohibited from feeding sharks inten-
tionally (DEWNR, 2016). The use of olfactory stimuli to attract
sharks is less likely to result in potentially harmful associations
between the food and humans or boats, since no reward is provided
to facilitate any conditioning or associative learning. Habituation
may cause sharks to eventually lose interest in the olfactory cues
used by tour operators. It may also, however, result in the loss of
fear and caution towards humans. For example, dingoes, Canis lupus
dingo, on Frazer Island (Queensland, Australia) have become
increasingly aggressive towards tourists, due to a loss of fear (Burns
& Howard, 2003). Furthermore, mesopredatory sharks like Port
Jackson sharks, Heterodontus portusjacksoni, or juvenile lemon
sharks, Negaprion brevirostris, may suffer from an overall loss of fear
when habituated to humans, making them bolder and as a result
more vulnerable to predators (Geffroy et al., 2015).

Here, we used juvenile Port Jackson sharks as a model to
investigate the response of sharks to the smell of squid paired with,
without and partiallywith food rewards. Each sharkwas exposed to
the stimulus three times per day enabling us to test for inter- and
intrasession habituation. We hypothesized that the initial behav-
iour of sharks exposed to the olfactory stimulus but not rewarded
with food would progressively become the same as that of the
control sharks (not exposed to olfactory cue or food). Therefore, we
predicted unrewarded sharks would habituate to the smell of squid
over time by progressively (1) taking longer to leave the starting
compartment, (2) spending more time resting, (3) taking longer to
locate and reach the stimulus, and (4) spending less time investi-
gating the stimulus. In contrast, we predicted that rewarded and
partially rewarded sharks would be conditioned to the smell of
squid and the bait box by progressively (1) leaving the starting
compartment quicker, (2) spending less time resting, (3) reaching
the stimulus quicker, and (4) spending more time investigating the
stimulus. With respect to these four factors, we further predicted
unrewarded sharks would exhibit no signs of short-term habitua-
tion (i.e. habituation within a single trial) to the stimulus.

METHODS

Port Jackson sharks are benthic elasmobranchs endemic to the
temperate waters of Australia. We chose it as our study species for
its small size, hardiness and high abundance along the New South
Wales coast. These attributes make it a suitable model species for
shark-related research performed under controlled laboratory
conditions (Byrnes & Brown, 2016; Powter & Gladstone, 2009; Vila
Pouca et al., 2020). We collected 36 Port Jackson shark eggs by hand
from rocky reef substrates in Jervis Bay in May 2018 and trans-
ported them to Macquarie University where they were housed in
60-litre plastic tubs until hatching. Sharks were then moved to the
Sydney Institute for Marine Science (SIMS, Mosman, NSW) where
they were kept inside six 500-litre aquaria for the duration of the
experiments. We housed six sharks in each tank and assigned two
tanks to each treatment group (control group later acted as feeding
group). All tanks at SIMS were continuously supplied with clean,
aerated sea water from Chowder Bay, Sydney, NSW, at ambient
temperatures (15.61 ± 0.04 �C) and received a natural Sydney
photoperiod. We provided the sharks with shelters inside the
holding tanks, which consisted of pieces of 100 mm PVC pipe and
clay pots. Sharks were fed approximately 6% of their wet body mass
three times per week. The food consisted of defrosted, whiteleg
shrimp, Litopenaeus vannamei, and basa fish, Pangasius bocourti.

For each individual, we measured precaudal length to the
nearest 1 mm (187 ± 1 mm; mean and SE), body mass to the
nearest 1 g (86 ± 1 g) and determined the sex by noting the pres-
ence of claspers in males. These measurements were taken on the
day before the start of the acclimation phase. PIT tags were
implanted subdermally at the base of the first dorsal fin to allow for
easy identification 2 days after the sharks were moved from
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Macquarie University to the facilities at SIMS. Each shark was
initially assigned to one of three treatment groups, the control
group (no stimulus), the smell group (olfactory stimulus, but no
food reward) and the partial feeding group (olfactory stimulus
paired with food reward every second day during one of three
trials). Each of these three groups consisted of 12 individuals. After
we had run these three treatment groups, the sharks from the
control group were reassigned to a fourth treatment group, the
feeding group (olfactory stimulus paired with food reward during
every trial). This reduced the number of individuals required for our
study. We chose the feeding regime for the partial feeding group in
a way that would ensure sufficient repetition of the feeding events
throughout the experiment, while minimizing the reinforcement of
the searching and investigative behaviour. We used pseudor-
andomization when initially assigning sharks to the treatment
groups to ensure an equal sex and mass distribution (one-way
ANOVA for mass: F3 ¼ 0.397, P ¼ 0.755).

The olfactory stimulus was prepared with ice cubes made from a
saltwater solution with squid scent. The solution was created by
defrosting frozen squid, Loligo opalescens and Nototodarus sloanii, in
saltwater at a ratio of approximately 1.5 kg of squid per 10 litres of
water. All ice cubes were made from the same solution to ensure
equal amounts of scent during each trial. Although squid is not part
of the natural diet of juvenile Port Jackson sharks, we used it due to
its strong scent, which was well preserved in the ice cubes. We also
ran a set of pilot trials using three individuals that were omitted
from the main experiments. We tested the sharks' responses to
olfactory cues from frozen snails, prawns, fish and squid and we
found noticeably stronger responses towards the smell of squid
compared to the other three sources. The sharks that were part of
the feeding group were fed approximately 0.7% of wet body mass
equivalent in squid during each trial (total amount of food provided
each day was approximately 2% of wet body mass equivalent;
Cort�es & Gruber, 1990; Janse et al., 2004). Sharks from the partial
feeding group were also fed 0.7% of wet body mass equivalent, but
only every other day during one of the three daily trails. Additional
food (fish) was then provided 1 h after the final trial of the day to
match the amount of food consumed by the other groups, i.e. daily
consumption of 2% wet body mass equivalent. The smell and con-
trol individuals as well as the partially fed individuals on non-
feeding days received approximately 2% of wet body mass in basa
30 cm
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Figure 1. Bird's-eye view schematics of the experimental arena placed insi
fish fillets at least 1 h after the last trial of the day had finished. The
1 h gap avoided any association between the last trial and the food
(Guttridge & Brown, 2013). The daily experimental order of the
sharks was random and the order of holding tanks was altered each
day. This accounted for any potential effects of the holding tanks or
the order in which sharks underwent the experimental training.

Experiments were carried out in a rectangular arena measuring
150 � 50 cm and 40 cm high that was built from white corflute
sheets. The sheets at the long ends of the arena were fitted with
1 cm wide horizontal slits to allow for a consistent water flow
through the arena. The olfactory stimulus (ice cube) was placed
inside a plastic container in the centre of the arena. The water
inflow was unidirectional through the arena to allow sharks to
locate the source of the stimulus. We divided the length of the
arena into five equally sized sectors (30 cm each) with the sector
the sharks would start from located at the downstream end of the
arena (Fig. 1). The arena itself was then placed inside a 1000-litre
tank (180 � 100 cm and 50 cm high). We closed the starting
sector with a nontransparent sliding door before transferring the
shark from the holding tank to the arena.

Acclimation Phase

We exposed the sharks to the transfer procedures and the
experimental arena on 3 consecutive days for the purpose of
acclimation. On each day, sharks were transferred individually to
the experimental arena, using an opaque bucket filled with sea
water, where they were free to explore the arena for 30 min. The
sharks were then transferred back to their holding tanks where
they were fed at least 1 h after the last shark of the day had been
transferred to the holding tank to avoid any association between
the food and the arena or the procedures. We also ran a set of pilot
trials during the acclimation phase using three individuals that
were omitted from the main experiments. We assessed whether
sharks would respond to the water disturbances caused when we
placed the olfactory stimulus (ice cube) inside the bait box and by
the cold-water runoff from the ice cube melting. We exposed the
three individuals in turn to the same set-up used during the ex-
periments placing an odourless ice cube inside the bait box. Sharks
did not respond to either the placement of the ice cube or the cold-
water runoff during any of the trials we ran across the 3-day
Starting
compartment

Water
outflowa

50 cm

de the experimental tank. Arrows indicate the direction of water flow.
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acclimation period. Therefore, we did not place sea water ice cubes
inside the bait box for the control group.

Experimental Protocol

Each shark received a single training session per day, consisting
of three trials. Prior to the first trial, the subject was given a 3 min
acclimation period. We then introduced the olfactory stimulus for
the smell, partial feeding and feeding groups and opened the
starting compartment by removing the sliding door. The sharks of
all four treatment groups then had 4 min to freely explore the
arena, before being ushered back into the starting sector. During
rewarded trials the food reward was placed inside the stimulus
compartment next to the bait/bait box. Of the 4 min total trial
duration, the shark was then given approximately 3.5 min to locate
the reward independently. If a shark did not reach the reward
within the allocated time, we attempted to feed it using a pair of
aquarium feeder tongs within the remaining 30 s of the trial. We
recorded the time sharks required to reach the reward and
consume it. If a shark did not consume the reward during a trial, we
allocated a ceiling value of 240 s. Adding a ceiling value to these
trials enabled us to include them in the analysis and is a common
practice in these types of behavioural experiments (e.g. Brown
et al., 2003; Finger et al., 2016; Schabacker et al., 2021). In be-
tween trials, a 5 min flushing period followed by a 3 min acclima-
tion period ensured a minimum of 50% of the water volume was
exchanged between trials. After the third trial, the shark was
removed from the arena and transferred back to the holding tank.
We performed a 100% water exchange between individuals to
provide baseline background conditions for each shark. The 4 min
trials were filmed with GoPro Hero 3 cameras from a bird's-eye
perspective.

Video Analysis

We used the behavioural observation research interactive soft-
ware (BORIS v. 7.4.11) to view and code the videorecorded trials
(Friard & Gamba, 2016). We recorded shark behaviour using an
ethogram with two predefined behavioural categories: resting
when the shark was sitting motionless on the bottom and inves-
tigating when the shark was showing a distinct interest in the box
holding the squid ice cubes placed in the centre of the arena by
putting its snout up against the box. Behaviours that did not fall
into either category were difficult to clearly identify from a bird's-
eye perspective and were therefore omitted from further analyses.
We also determined the latencies to leave the starting compart-
ment and to reach the bait box (Fig. 1). Moving from one section to
the next was defined as the point in time at which an individual's
head had fully crossed the line between sections, i.e. the cranial end
of the pectoral fins had just passed the line. All times and latencies
were recorded in seconds. We calculated the percentage of time
sharks engaged in each of the recorded behaviours by dividing the
time engaged in a behaviour by the total duration of the respective
trials (240.46 ± 0.007 s; mean ± SE).

Data Analysis

To analyse the data, we performed linear mixed models in the
Bayesian framework using the package MCMCglmm (Hadfield,
2010) in R version 4.0.0 (R Core Team, 2020). We preferred this to
the more common frequentist approach as Bayesian linear models
reveal joint probabilities of combinations of parameter values
without a type I error inflation and fit the data structure without
the requirement to make any approximation assumptions. We ran
four independent models assessing (1) the latency sharks took to
leave the starting section of the arena on the floor, (2) the per-
centage of time sharks spent resting, (3) the latency sharks took to
locate and reach the bait box and (4) the percentage of time sharks
spent investigating the bait box. We ran independent models for
the four response variables due to the relatively small data set
which did not allow for a multivariate analysis using the Bayesian
framework. The predictor variables included the three-way inter-
action between days, trial number and treatment group, as well as
weight, sex and the experimental order of sharks (i.e. the order in
which a shark underwent the experimental observation, within
tank and within day). The model also included any possible two-
way interactions and all single factors. This provided an estima-
tion of the effect of repeated stimulation on the behavioural re-
sponses of the sharks within and among days. It also allowed for the
estimation of the effects of continuous and partial feeding regimes
on the responses to the stimulus and to estimate the effects of size
and sex. Random factors included a random regression of Days on
Shark ID (allowing for differences between individual sharks in
their response over time), and a random intercept for Tank
(allowing for differences between holding tanks). We used a
Gaussian error distribution and an inverse Wishart prior with a
degree of belief parameter (nu) of 0.002. We ran the models with a
total of 100 000 iterations (including a burn-in of 20 000 iterations)
and a thinning term of 20, resulting in nonautocorrelated Monte
Carlo Markov Chains with a sample size of 4000 ((100 000
(iterations) � 20 000 (burn-in))/20 (thin term) ¼ 4000; see
Appendix 1). We ensured that the chains were genuinely repre-
sentative samples from the posterior distribution and that the
numerical estimates were accurate by examining the trace plots
and the effective sample sizes (Appendix 2, Figs. A1, A2, A3, A4). To
further test themodel fit, we did a visual inspection of the residuals.

RESULTS

Of the 12 sharks used in each of the four treatment groups, we
removed one shark from the smell group from the analyses. This
individual repeatedly swallowed air and began to float at the water
surface throughout the experiment, which had a noticeable impact
on its behaviour during approximately 30% of the trials. For the
remaining sharks, we viewed and scored approximately 200 h of
video footage. The random effect of Tank explained little to no
variation in each of the response variables (Appendix 2, Figs. A1, A2,
A3, A4). However, the experimental order of sharks (within tank,
within day) had an effect on the percentages of time spent resting
and investigating the bait box (Tables 1, 2).

General Responsiveness and Activity

Members of the smell group exhibited a decrease in respon-
siveness and overall activity over time. They took progressively
longer to leave the starting compartment and spent more time
resting on the floor of the experimental arena over the course of the
experiment (Fig. 2, Table 1). Members of the control group took
longer to leave the starting compartment and spent more time
resting on the floor at the beginning of the experiment, compared
to the smell and feeding groups. In contrast, members of the partial
feeding group and the feeding group took progressively less time to
leave the starting compartment. However, members of the partial
feeding group exhibited a lower responsiveness during the first day
of experiments compared to the smell and feeding groups (Fig. 2).
Feeding group sharks also spent progressively less time resting,
whereas the resting period of the partial feeding group increased
throughout the experiment, at a rate significantly slower than the
rate of change shown for the smell group (Fig. 2b, Table 1). The
latency to leave the starting compartment and the time sharks



Table 1
Estimated effect means from the posterior distribution (posterior mean) of the latency to leave the starting compartment and the percentage of time spent resting

Effect Posterior mean Lower 95% CI Upper 95% CI Effective sample pMCMC

Latency to leave starting compartment
(Intercept) 79.64 �40.42 203.85 4000 0.19
Day 4.53 2.79 6.26 4000 <0.0001
Treatment group (Feeding) �32.00 �77.88 15.60 4512 0.18
Treatment group (Partial Feed) 2.06 �49.65 47.93 3728 0.91
Treatment group (Smell) �49.17 �98.20 �2.33 4720 0.043
Trials �14.82 �24.58 �5.00 4000 0.004
Weight 7.69 �4.99 19.82 4000 0.22
Sex (Female) �1.41 �116.08 119.69 3753 0.99
Sex (Male) �5.61 �118.09 117.11 3806 0.93
Shark order �0.60 �1.80 0.69 4000 0.37
Day * Treatment group (Feeding) �6.68 �9.03 �4.16 4351 <0.0001
Day * Treatment group (Partial Feed) �6.07 �8.43 �3.42 4000 <0.0001
Day * Treatment group (Smell) �3.14 �5.69 �0.73 3777 0.016
Day * Trials �0.14 �0.93 0.77 4000 0.74
Treatment group (Feeding) * Trials 27.69 12.88 40.88 4000 <0.0001
Treatment group (Partial Feed) * Trials 19.35 5.78 33.11 4000 0.005
Treatment group (Smell) * Trials 27.44 12.88 40.88 4000 <0.0001
Day * Treatment group (Feeding) * Trials �0.66 �1.75 0.61 4000 0.27
Day * Treatment group (Partial Feed) * Trials 0.099 �1.15 1.22 4000 0.87
Day * Treatment group (Smell) * Trials �1.21 �2.45 0.037 4000 0.057
Percentage of time spent resting
(Intercept) 67.27 52.89 80.17 4238 <0.0001
Day 1.06 0.63 1.50 4000 <0.0001
Treatment group (Feeding) �38.78 �57.83 �21.76 4347 0.005
Treatment group (Partial Feed) �16.81 �34.25 2.34 4311 0.067
Treatment group (Smell) �48.10 �65.67 �27.56 4000 0.002
Trials �4.89 �7.92 �2.15 4000 0.0005
Weight 3.23 �0.73 7.56 4000 0.12
Sex (Male) �0.32 �8.59 7.93 4000 0.93
Shark Order �1.19 �1.58 �0.80 4000 <0.0001
Day * Treatment group (Feeding) �1.51 �2.13 �0.88 4000 <0.0001
Day * Treatment group (Partial Feed) �0.64 �1.27 �0.036 4000 0.048
Day * Treatment group (Smell) 1.06 0.44 1.72 3774 0.001
Day * Trials 0.079 �0.17 0.34 4000 0.55
Treatment group (Feeding) * Trials 14.71 10.75 18.97 4000 <0.0001
Treatment group (Partial Feed) * Trials 11.65 7.47 15.67 4000 <0.0001
Treatment group (Smell) * Trials 14.62 10.38 18.89 4000 <0.0001
Day * Treatment group (Feeding) * Trials �0.38 �0.76 �0.036 4000 0.049
Day * Treatment group (Partial Feed) * Trials �0.12 �0.48 0.23 3589 0.52
Day * Treatment group (Smell) * Trials �0.83 �1.19 �0.45 4000 <0.0001

The table also includes the lower and upper 95% confidence intervals (CI), effective sample sizes and the individual mean type I error estimate (pMCMC). The factor ‘Trials’
consists of the three daily trials. The baseline level was the control group.
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spent resting further differed between daily trials (Table 1) with
sharks from the feeding group leaving the starting section sooner
during the first trial of the day compared to trials 2 and 3 for the
first 3 days (Fig. 3d). Members of the feeding and the smell group
also spent less time resting during the first trial of the day for
approximately the first 6 days compared to trials 2 and 3. Unlike the
smell group, the feeding group continued to spend less time resting
during the first trial of the day on most of the remaining experi-
mental days (Fig. 4b, d).

Stimulus-specific Response

The direct response to the stimulus, measured as the latency
sharks took to reach the bait/bait box and the percentage of time
sharks spent investigating the box, decreased significantly over
time in members of the smell group (Fig. 5, Table 2). In contrast, the
latency to reach the bait box decreased progressively in the feeding
and the partial feeding groups. However, the percentage of time
sharks spent investigating the box remained largely unchanged in
both groups (Fig. 5b, Table 2). Members of the smell group took
progressively longer to reach the bait box and spent significantly
less time doing so over the course of the experiment (Figs. 6, 7,
Table 2). For intrasession differences, the members of the smell
group showed signs of intrasession habituation with regard to the
latency to reach the bait box during the first 3 days of experiments
(Fig. 6b, Table 2). Both behavioural responses decreased signifi-
cantly between trials in the feeding and the partial feeding groups
(Fig. 6c, d, Table 2). However, sharks from the feeding group became
progressively more consistent with regard to the latency they took
to reach the bait box (Fig. 6d). The differences between trials were
only significant during the first 9 days. This is shown by the three-
way interaction Day*Treatment group (feeding)*Trials (Table 2). In
contrast to the smell, partial feeding and feeding groups, members
of the control group rarely investigated the bait box (Fig. 5).

DISCUSSION

We investigated habituation in juvenile Port Jackson sharks to a
food-related olfactory cue in a controlled environment. Each shark
received the stimulus three times per day for 21 consecutive days to
assess intra- and intersession habituation. We found clear signs of
long-term habituation, with juveniles exposed to the smell only
(i.e. no food reward) showing increasingly less interest in locating
and investigating the source of the smell while becoming less active
and responsive. In contrast, sharks from the partial feeding group
neither habituated nor became conditioned to the smell of squid to
the extent of the feeding group over the course of the experiment.
While slightly increasing their percentage of time spent resting,



Table 2
Estimated effect means from the posterior distribution (posterior mean) of the latency to reach the bait/bait box and the percentage of time spent investigating the bait/bait
box

Effect Posterior mean Lower 95% CI Upper 95% CI Effective sample pMCMC

Latency to reach bait/bait box
(Intercept) 189.85 58.24 323.76 4264 0.006
Day 0.56 �0.76 1.93 4000 0.42
Treatment group (Feeding) �109.16 �154.13 �58.82 3283 0.0005
Treatment group (Partial Feed) �47.18 �92.67 1.64 4344 0.049
Treatment group (Smell) �105.99 �153.78 �57.89 4361 0.002
Trials 5.31 �4.92 16.76 4000 0.34
Weight 2.07 �6.96 11.42 4000 0.67
Sex (Female) 35.72 �98.73 161.11 4194 0.60
Sex (Male) 34.26 �97.23 160.12 4200 0.61
Shark Order �0.29 �1.73 1.14 4000 0.70
Day * Treatment group (Feeding) �5.00 �6.87 �3.01 4000 <0.0001
Day * Treatment group (Partial Feed) �1.88 �3.91 0.11 4000 0.071
Day * Treatment group (Smell) 3.88 1.86 5.81 4000 0.0005
Day * Trials �0.33 �1.30 0.56 4000 0.49
Treatment group (Feeding) * Trials 27.18 12.09 43.42 4000 <0.0001
Treatment group (Partial Feed) * Trials 20.64 6.07 37.09 4000 0.010
Treatment group (Smell) * Trials 13.73 �1.23 30.04 4000 0.088
Day * Treatment group (Feeding) * Trials �1.54 �2.82 �0.17 4000 0.025
Day * Treatment group (Partial Feed) * Trials �0.13 �1.47 1.16 4000 0.83
Day * Treatment group (Smell) * Trials �0.22 �1.59 1.11 4000 0.74
Percentage of time spent investigating bait/bait box
(Intercept) �0.24 �4.95 4.16 4000 0.92
Day �0.013 �0.18 0.17 4515 0.89
Treatment group (Feeding) 22.02 16.01 27.99 4276 <0.0001
Treatment group (Partial Feed) 6.59 0.47 12.55 4000 0.038
Treatment group (Smell) 13.85 7.65 19.65 4222 0.004
Trials �0.13 �2.02 1.72 4000 0.90
Weight �0.11 �1.32 1.11 4000 0.86
Sex (Male) 1.10 �1.36 3.48 4000 0.39
Shark Order 0.27 0.034 0.52 4000 0.026
Day * Treatment group (Feeding) 0.18 �0.072 0.43 4000 0.16
Day * Treatment group (Partial Feed) �0.0041 �0.23 0.26 3652 0.95
Day * Treatment group (Smell) �0.63 �0.88 �0.37 4000 <0.0001
Day * Trials 0.011 �0.15 0.17 3647 0.90
Treatment group (Feeding) * Trials �7.22 �9.70 �4.50 4000 <0.0001
Treatment group (Partial Feed) * Trials �4.25 �7.01 �1.66 4000 0.0015
Treatment group (Smell) * Trials �2.81 �5.50 �0.080 4327 0.043
Day * Treatment group (Feeding) * Trials 0.19 �0.036 0.41 3679 0.11
Day * Treatment group (Partial Feed) * Trials 0.14 �0.079 0.38 3905 0.21
Day * Treatment group (Smell) * Trials 0.14 �0.095 0.38 4000 0.24

The table also includes the 95% confidence intervals (CI), effective sample sizes and the individual mean type I error estimate (pMCMC). The factor ‘Trials’ consists of the three
daily trials. The baseline level was the control group.
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partially fed sharks tended to leave the starting compartment
quicker and to reach the bait box sooner during the last few days of
the experiments compared to the beginning. We also found some
signs of intrasession or short-term habituation in the smell group.
The latency to reach the bait box increased across the trials within a
session during the first few days of the experiments (Fig. 6b), as did
the percentage of time sharks spent resting (Fig. 4b). However,
there was no clear pattern that this short-term habituation was
affected by the treatment.

The behavioural response observed was affected by the fre-
quency of feeding, suggesting that the level of response to a food-
related olfactory stimulus depended on the rate of successful
foraging. A nil payoff results in habituation and, eventually, in a
complete disregard of the stimulus, whereas an approximately 17%
success rate (rewarded in one of six trials) results in a mixed
behavioural plasticity over the course of the experiment. Sharks of
the partial feeding group exhibited similar rates of change with
respect to the percentage of time resting and investigating the bait
box compared to the control group. However, given the contra-
dictory results on the latency to leave the starting compartment
and reach the bait box, sharks of the partial feeding group exhibited
signs of both habituation and conditioning. This suggests that
members of this group neither truly habituated nor became
conditioned to the stimulus, but instead maintained a relatively
consistent level of attraction. In contrast, members of the feeding
group clearly became conditioned to the olfactory cue and
increased their response to the stimulus with respect to all four
behavioural traits tested. Conditioning in animals is widespread
and has been demonstrated in invertebrates (Menzel et al., 2007;
Perry et al., 2013; Vallortigara, 2020), amphibians (Amiel et al.,
2011; Bisazza et al., 1998), reptiles (Amiel et al., 2011; Bisazza
et al., 1998; Wilkinson & Huber, 2012), teleosts (Brown, 2012,
2015; Bshary, 2011; Bshary et al., 2002), birds (Bailey et al., 2014;
Emery & Clayton, 2009; Marino, 2017; Sol et al., 2005), mammals
(Clark, 2013; Deecke, 2006; Emery & Clayton, 2009; Hart et al.,
2008) and sharks (Guttridge et al., 2009; Schluessel, 2015). For
example, grey bamboo sharks, Chiloscyllium griseum, successfully
categorized images of fishes and associated them with a food
reward, irrespective of the size, scale, colour or shape of the illus-
trated fish (Schluessel & Duengen, 2015). The variability in the
behavioural response we observed among the different treatment
groups likely results from the trade-off between foraging costs and
benefits. These trade-offs may ensure that sharks allocate their
resources to potential foraging sites proportionately to the sites'
respective payoffs (Charnov, 1976; Fuss et al., 2014a; Watanabe
et al., 2014).
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Figure 2. Linear plots with 95% confidence interval illustrating the daily trends for (a) the latency sharks took to leave the starting compartment and (b) the percentage of time
sharks spent resting on the arena floor. Each dot represents the daily mean of the respective treatment group.
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Our results indicate that Port Jackson sharks exhibit long-term
habituation (i.e. increased latencies to leave the starting sector
and to reach the bait box, increased time spent resting and
decreased time spent searching across experimental days) with
some signs of short-term habituation (i.e. increased latency to
reach the bait box and increased time spent resting across the trials
within a day) to the repeated stimulation of a food-associated ol-
factory cue. Both forms of habituation have been reported in
response to an ecologically relevant stimulus. For example, long-
and short-term habitation can influence mate choices of Trini-
dadian guppies (Daniel et al., 2019). Small-spotted catsharks also
exhibit signs of habituation within six to seven sessions (3e4 days)
when repeatedly exposed to a weak electrical current that re-
sembles their natural prey items (Kimber et al., 2014). The speed at
which these catsharks stopped biting the electrodes transmitting
the electrical current is faster than the reduction in behavioural
response that we observed in Port Jackson sharks, possibly due to
the stimulus used and interspecies differences (Rankin et al., 2009;
Thompson, 2009). A sensory hierarchy in elasmobranchs may in-
fluence the speed at which sharks habituate to various stimuli.
Olfaction is one of the first senses used by elasmobranchs during
foraging, whereas electroreception is typically used to detect prey
within 1 m (Gardiner et al., 2014; Hodgson et al., 1978; Kimber
et al., 2014; Meredith & Kajiura, 2010; Newton et al., 2019).
Across the first 6 days of our study, members of the smell group
exhibited higher levels of activity during the first trial of the day
than during the second and third trials. However, similar results of
intrasession differences were found in the partial feeding and the
feeding groups and we did not find patterns that would clearly
identify a treatment effect. Further research is required to deter-
mine the influence of different reward regimes on shark intra-
session learning behaviour, and to tease out whether intrasession
habituation is influenced by sensory stimulus.

Our findings support the notion that the process of foraging is
governed by optimal foraging theories and that learning mecha-
nisms play a key role in optimizing an animal's foraging strategies.
These theories predict that an animal's foraging activities are
optimized to maximize net energy gain (Boyd et al., 1997; Haswell
et al., 2018). The smell, partial feeding and feeding groups elicited
three different responses, ranging from a reducing (smell group) to
an increasing (feeding group) response to the stimulus. Similar
behavioural adjustments to variations in resource availability have
been demonstrated in penguins (Watanabe et al., 2014). Ad�elie
penguins, Pygoscelis adeliae, adjust their dive times in response to
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represents the 3-day mean for one of the three daily trials. Vertical lines represent ± SE.
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diminishing food availability when preying on mobile and patchily
distributed krill, Euphausia superba and Euphausia crystallorophias
(Watanabe et al., 2014). The behavioural adjustments observed in
penguins matched those predicted by the marginal value theorem
stating that animals should move from a foraging patch to another
once food gain drops below a certain threshold (Charnov, 1976;
Watanabe et al., 2014). The decision of an individual to either keep
foraging at a certain patch or to move on to the next patch is based
on trade-offs between benefits (foraging success) and costs (i.e.
energetic cots, risk of predation), and are made based on an in-
dividual's experience (i.e. learning; Watanabe et al., 2014). Habit-
uation may also be linked to optimal foraging theories that apply to
escape responses, whereby it is advantageous to adjust antipred-
ator behaviours to match perceived risk levels (Cooper Jr &
Frederick, 2007; Ydenberg & Dill, 1986). For instance, habituation
allowed hyraxes (Dendrohyrax spp., Heterohyrax spp., Procavia spp.)
in east Africa to reduce their flight initiation distance, which
resulted in decreased costs of unnecessary fleeing, facilitating the
allocation of more time and energy to fitness-increasing activities
(Mbise et al., 2020). A reduction in flight initiation distance due to
habituation towards humans has also been reported in a number of
other species, including wild horses, Equus caballus ferus, and
zebras, Equus quagga (Brubaker & Coss, 2015), eastern grey squir-
rels, Sciurus carolinensis (Engelhardt&Weladji, 2011), skinks, Emoia
impar (McGowan et al., 2014) and common blackbirds, Turdus
merula (Rodriguez-Prieto et al., 2009). Freeing up resources, such as
time, energy or cognitive capacities is one of the main reasons
habituation plays such an important role in learning and has been
suggested to be a building block for higher cognitive functions
(Fabiani et al., 2006; Rankin et al., 2009; Sinding et al., 2017;Wilson
& Linster, 2008). The habituation we observed in Port Jackson
sharks to the repeated stimulationwith a food-related olfactory cue
likely serves the purpose of time and energy conservation. As a
benthic elasmobranch species capable of buccal ventilation, Port
Jackson sharks tend to spend a lot of time resting on the seafloor,
conserving energy (Kadar et al., 2019; Kelly, Murray, et al., 2020;
Kelly, Spreitzenbarth, et al., 2020; Powter & Gladstone, 2009).
Foraging in search of an inaccessible food source such as those
hidden in crevices, would be energetically wasteful. Conserving this
energy through habituation to this specific olfactory stimulus
would be advantageous and free up time and energy that can be
used to seekmore accessible food sources, potentially increasing an
individual's fitness (Boyd et al., 1997; Dill, 1983; Haswell et al.,
2018).
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In an effort to make the shark-diving industry more socially
acceptable and to minimize potential associations, operators
sometimes use bait to attract sharks without feeding them
(Fitzpatrick et al., 2011). Given the relatively fast rate of habituation
we observed during this study, the use of olfactory cues to attract
sharks might not yield the same consistent level of attraction as
feeding sharks. However, feeding sharks every day may condition
them to a specific site and time of day, and alter shark behaviour
through dependency (Brunnschweiler& Barnett, 2013; Clarke et al.,
2011; Huveneers et al., 2013; Huveneers et al., 2018). Daily feedings
of the southern stingray, Dasyatis americana, at the Cayman Islands,
for example, have resulted in rays becoming conditioned to the site
and a subsequent change from a solitary to a group-living lifestyle
(Corcoran et al., 2013; Semeniuk& Rothley, 2008). Given the results
we obtained from the partial feeding group, operators could feed
sharks on some days (rather than every day) and still maintain
shark interest over the long term. However, our experiments used a
small benthic shark species and findings from our study might not
be transferrable to other species. We used Port Jackson sharks due
to the logistical challenges of undertaking controlled experiments
on the species typically targeted by wildlife tourism, but further
studies should be undertaken on a range of species to assess
interspecies variability in conditioning and habitation response.

The capacity of sharks to become conditioned and associate
certain stimuli, locations or foraging pathways with a food reward
has been shown in several studies (Fuss et al., 2014b; Guttridge &
Brown, 2013; Heinrich et al., 2021; Schluessel & Bleckmann,
2012; Schluessel & Ober, 2018; Vila Pouca & Brown, 2018). For
example, grey bamboo sharks successfully learnt a fixed turn
response applying directional information, possibly in combination
with some form of place learning and landmark cues (Fuss et al.,
2014a). Forming such associations appears to be the underlying
mechanism driving many of the behavioural alterations reported in
species that are frequently subjected towildlife tourism activities. A
common fear of the public is that sharks may also associate humans
with food, resulting in an increased risk of dangerous encounters
(Burgess, 1998). While there is currently no empirical evidence
linking shark tourism to increased shark bite risk, minimizing
feeding frequency could reduce the potential for conditioning tak-
ing place. Our results suggest that partially fed sharks neither
habituated nor were conditioned, but rather maintained a rela-
tively stable response to the stimulus. The most effective rate of
feeding to avoid habituation and conditioning is, however, likely to
be species and context dependent.

Conclusion

Juvenile Port Jackson sharks exhibited linear habituation to an
olfactory cue. Habituation to anunyielding food stimulus can freeup
resources, such as time and energy to be invested in other fitness-
increasing activities, similar to the adaptations in antipredator re-
sponses and foraging behaviours seen in other species (Boyd et al.,
1997; Dill, 1983; Haswell et al., 2018; Kirmani et al., 2010; Mbise
et al., 2020; Watanabe et al., 2014). Our results suggest that habit-
uation may act as a mechanism driving optimal foraging behaviour,
such as the marginal value theorem, enabling individuals to recog-
nize diminishing food availability through short- and long-term
habituation. This would incentivize individuals to move to the
next foraging patch (Watanabe et al., 2014) and to potentially
abandon depleted or inaccessible foraging patches.
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Appendix 1: R Code
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Figure A1. Trace plots of the applied Monte Carlo Markov Chains and the respective density
leave the starting compartment.
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Figure A2. Trace plots of the applied Monte Carlo Markov Chains and the respective density plots for the effective sample size of N ¼ 4000 for the model run to test the percentage
of time spent resting.
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Figure A3. Trace plots of the applied Monte Carlo Markov Chains and the respective density plots for the effective sample size of N ¼ 4000 for the model run to test the latency to
reach the bait box.
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Figure A4. Trace plots of the applied Monte Carlo Markov Chains and the respective density plots for the effective sample size of N ¼ 4000 for the model run to test the percentage
of time spent investigating the bait box.

D. D. U. Heinrich et al. / Animal Behaviour 187 (2022) 147e165 165


	Shark habituation to a food-related olfactory cue
	Methods
	Acclimation Phase
	Experimental Protocol
	Video Analysis
	Data Analysis

	Results
	General Responsiveness and Activity
	Stimulus-specific Response

	Discussion
	Conclusion

	Author Contributions
	Acknowledgments
	References
	Appendix 1:. R Code
	Appendix 2


