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Abstract. Limited information exists about the temporal residency patterns of marine predators, especially at the
individual level. Temporal partitioning of resources can reduce intra-specific competition, but this has seldom been
examined in predators in marine ecosystems. Here, we used 8 years of acoustic telemetry data from 27 receivers deployed

in a large coastal embayment to examine the temporal residency of 51 Port Jackson sharks (Heterodontus portusjacksoni),
during their breeding season.We found that the residency lengths ofmale and female Port Jackson sharks on breeding reefs
differed throughout the breeding season, with males showing longer residency at the start of the season and females

showing longer residency at the end of the season. Port Jackson sharks also showed a 24-h or diel periodicity in their
detection patterns. Although the majority of individuals were nocturnal, a small proportion of sharks was detected more
frequently during the day, possibly to reduce competition for resources. Surprisingly, there was no difference in the sex

ratio nor the size of diurnal and nocturnal individuals. This study provides long-term insight into the temporal residency
patterns of mesopredatory sharks at a breeding site and, more broadly, our results highlight the importance of studying
temporal variation at the individual level in movement ecology studies.
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Introduction

Examining the ways in which individuals use their environ-

ments on spatial and temporal scales is important to under-
standing the processes underpinning the development of
different behavioural strategies (Chesson 2000). Spatial and
temporal niche partitioning among ecologically similar species

(e.g. Swanson et al. 2016) and between predator and prey (e.g.
Wu et al. 2018) has been well studied. Additionally, variation in
the space use of individuals within a species has been examined

in a variety of taxa in the contexts of distribution (Zupcic-Moore
et al. 2017), movement patterns (Lei and Booth 2017) and ter-
ritoriality (de Souza et al. 2018). However, few studies have

examined variation in the daily activity patterns of individuals
within the same species (Kadri et al. 1997; Alanärä et al. 2001;
Fingerle et al. 2016). This is important because time-sharing
resources, such as resting locations or foraging grounds, can

reduce intraspecific competition. Fingerle et al. (2016), for
example, found that juvenile Arctic charr (Salvelinus alpines)
distributed their activity over a greater portion of the 24-h cycle

in response to higher conspecific density. Similarly, daily

feeding patterns and foraging times of Atlantic salmon (Salmo
salar) and brown trout (Salmo trutta) vary among individuals of

different sizes and dominance ranks respectively (Kadri et al.
1997; Alanärä et al. 2001). Together, these studies suggest that
individuals may exhibit temporal niche partitioning in response
to increased intraspecific competition, and highlight the

importance of examining the behaviour of individuals on both
spatial and temporal scales.

Understanding spatial and temporal variation in the behav-

iour of predators has important implications for the development
of complex behavioural patterns, as well as the ecology and
evolution of the populations, species and the communities in

which they live (Austin et al. 2004). The majority of studies
examining the movement ecology of predatory fishes, particu-
larly elasmobranchs, focus on spatial components ofmovements
in species occurring in tropical or subtropical areas (Chapman

et al. 2015). For example, Munroe et al. (2016) studied the
residency andmovements of juvenile Australian blacktip sharks
(Carcharhinus tilstoni) in northern Australia and found that

individuals were highly variable in their space use throughout
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the year. Previous studies on the variation in movement behav-
iour of shark species over the course of the day have typically

focused on the diel variation in activity levels and home-range
size (Speed et al. 2010). Comparatively little is known about the
way in which the timing and duration of residency events vary

among marine predators.
Many coastal species of sharks appear to show periodicity in

their presence on subtidal reefs within their home ranges, with

some species showing 24-h periodicity relating to circadian
rhythms (Papastamatiou et al. 2009; Speed et al. 2011; Barnett
et al. 2012), whereas others show 8–12-h periodicity in detec-
tions relating to tidal movements (Papastamatiou et al. 2009;

Field et al. 2011; Speed et al. 2011). In the case of blacktip reef
sharks (Carcharhinus melanopterus, Papastamatiou et al. 2009)
and grey reef sharks (Carcharhinus amblyrhynchos, Field et al.

2011), individuals showed both 24-h periodicity and 8–12-h
periodicity. This is understandable, given the importance of tide
and diel cycles in driving the behaviour of marine organisms

(e.g. Collatos et al. 2020).
Studies on the relative abundances of individuals throughout

the day have typically compared only the number of detections
between day and night (Garla et al. 2006; Clarke et al. 2011) or

have grouped all individuals together to look at relative hourly
abundances of the species (Conrath and Musick 2010; Bessudo
et al. 2011; Speed et al. 2011, 2016; Barnett et al. 2012), without

considering intraspecific variation in residency behaviour.
Carlson et al. (2008) and Heupel et al. (2006) both found that
individuals demonstrated different patterns with respect to

hourly detection patterns. Heupel et al. (2006) suggested that
further research was needed into the behaviour patterns that led
to the observed differences among individuals. Field et al.

(2011) found that grey reef sharks exhibited two general patterns
of reef attendance and suggested that these patterns may be
reflective of individual foraging or behavioural strategies to
reduce or avoid intraspecific competition. However, it is not

clear how wide-spread temporal partitioning might be among
apex and mesopredators in marine ecosystems.

Port Jackson sharks are a model species to examine the

temporal partitioning in residency behaviour of a benthic shark
species given their high levels of site fidelity (Bass et al. 2017),
propensity to form breeding aggregations at known locations

(Powter andGladstone2009;Bass et al. 2017) and their low stress
response to capture, handling and tagging (Frick et al. 2009). The
objective of this study was to use acoustic telemetry data to
investigate the individual variation in patterns of temporal

residency of 51 Port Jackson sharks in Jervis Bay over an
8-year period from 2012 to 2019. The high levels of site fidelity
exhibited by Port Jackson sharks, combined with the large

number of tagged individuals and multi-year nature of the study,
allowed us to examine variation in the residency behaviour of
individuals over multiple breeding seasons. Using this extensive

dataset, we generated residency events, which are defined as the
continuous use of a single receiver site, and calculated their
lengths using the VTrack package (ver. 1.12, see https://cran.r-

project.org/web/packages/VTrack/index.html; Campbell et al.

2012). It is worth noting that these sharks spend the majority of
their time on a single breeding reef within the bay and each reef is
covered by a single receiver. We then examined the influence of

demographic variables, such as sex and length, on the length of

residency events throughout the breeding season at breeding
aggregation sites. Specifically,we hypothesised thatmaleswould

exhibit longer residency events at the beginning of the season
while they intercept receptive females as they arrive at the
breeding ground. Conversely, we predicted that females would

have the longest residency events at the end of the breeding
season while they are laying eggs and males are departing for
their southern migration. Second, we aimed to identify and

describe cyclical patterns of detection at the sites at which
individuals were most frequently detected within Jervis Bay.
Weanticipated that both diel and tidal cycleswould influence reef
attendance, but given the nocturnal nature of Port Jackson sharks

(Kadar et al. 2019; Kelly et al. 2020), that diel rhythms would
dominate. Finally, we expected that there would likely be multi-
ple cyclical patterns of reef attendance exhibited by different

individuals to help alleviate potential consequences of high
conspecific densities and associated intraspecific competition.

Materials and methods

Study sites

This study was conducted in Jervis Bay, which forms the central
part of the Jervis Bay Marine Park, a multi-use marine park that
allows recreational fishing and boating within its boundaries, on

the southern coast of New South Wales, Australia. Jervis Bay
covers 102 km2 and contains a wide variety of marine habitats,
including shallow and deep rocky reefs, sandy benthos, seagrass

communities and mangroves (Fig. 1). Previous studies have
found that Jervis Bay supports large aggregations of adult Port
Jackson sharks during their breeding season (Powter and
Gladstone 2009; Bass et al. 2017). Port Jackson sharks are long

lived and return to the same breeding sites each year (Bass et al.
2017), with females exhibiting higher levels of reproductive
philopatry than do males (Day et al. 2019). Within a given

season, both sexes show unusually high fidelity to a single reef
within the bay (Bass et al. 2017).

In this study, adult Port Jackson sharks were captured from

two breeding aggregation sites within Jervis Bay, namely, Orion
Beach (n ¼ 32) and Moona Moona Creek (n ¼ 19), between
2012 and 2014 and fitted with acoustic transmitters. An acoustic

arraywas deployed byNewSouthWalesDepartment of Primary
Industries in 2011 to monitor the movements of acoustically
tagged marine organisms within the Jervis Bay Marine Park.
The array consists of 19 receivers on all of the rocky reefs within

Jervis Bay and a further eight receivers across the mouth of
Jervis Bay (Fig. 1). The detection ranges of the receivers were
estimated to be 250 m (50% detection probability, Swadling

et al. 2020) and were downloaded on an annual basis. Ferguson
et al. (2013) found that V9 acoustic transmitters showed a 1.2–
2.6% reduction in detection frequency at night at two subtidal

rocky reefs in Jervis Bay, suggesting that variation in detection
probabilities between day and night is unlikely to contribute
significant variation to observed detection frequencies.

Tagging procedures

Individual sharks were captured by hand on snorkel and trans-
ported by kayak to a tub containing sea water on the shore
(,100-m distance). The individuals were then measured,

weighed, sexed and tagged with passive integrated transponder
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(FDXB transponders, Microchips Australia) tags for individual
identification. Individuals were then sedated in a solution of
tricainemethanesulfonate (MS-222; 150mgmL�1) and aV16-x

acoustic transmitter (Vemco, Halifax, NS, Canada; battery life
2805 days (7.7–10 years), delay 90–180 s) was implanted into
their peritoneal cavity through a 2.5–4-cm incision. The incision
was sutured using interrupted suture knots and super glue

(Mulcahy 2003). The procedure took less than 10 min from
sedation to release. Individuals typically recovered within
10 min and were released at their site of capture once they were

able to swim under their own power. All capture and tagging
procedures were conducted in accordance with an Animal
Research Authority permit (2012/009) granted by the Mac-

quarie University Animal Ethics Committee and two NSW
fisheries permits (P08/0010-3.1 and P08/0010-4.2).

Statistical analysis

Detections from each receiver were downloaded by Fisheries
NSW by using VUE software (ver. 2.6.2, Vemco, Halifax, NS,
Canada) and then uploaded and stored on the Animal Tracking
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Fig. 1. Location of study sites and acoustic receiverswithin Jervis Bay,Australia. Black circles represent receiver stations and the dark grey areas

represent the subtidal rocky reefs within Jervis Bay. The areas enclosed by dotted lines represent sanctuary zones in which fishing is largely

prohibited.
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Facility database (part of the Australian Integrated Marine
Observing System). Acoustic telemetry data were downloaded

from the IMOS database to analyse the movements of Port
Jackson sharks within Jervis Bay (IMOS Animal Tracking
Database, see https://animaltracking.aodn.org.au, accessed 1

January 2020).A Data were filtered to remove single detections
of a transmitter at a receiver within a 24-h period because these
may represent tag collisions and not necessarily true detections

of the individuals at a given site.
Data processing and analyses were performed using RStudio

(ver. 1.0.136, R Foundation for Statistical Computing).
Figures were generated using the packages ‘dplyr’ (ver. 1.0.5,

H. Wickham, R. François, L. Henry, K. Müller and RStudio,
see https://CRAN.R-project.org/package=dplyr) and ‘ggplot2’
(ver. 3.3.3, see https://cran.r-project.org/package=ggplot2 and

https://ggplot2.tidyverse.org.; Wickham 2016). Data for total
length weremean-centred for each sex independently to account
for variation between the sizes of males and females and, thus,

mean-centred body lengths ranged from 0 (the smallest
individual) to 1 (the largest individual) for each sex.

Length of residency

The residency lengths of Port Jackson sharks were estimated

using the event analyser function in the R package ‘VTrack’
(Campbell et al. 2012). A residency event began when a tagged
individual was detected by the receiver two or more times and
terminated when an individual was not detected within a pre-set

timeout window or if the individual was detected at a different
receiver. Thus, each residency event is likely to consist of per-
iods of rest and movement within the range of the receiver.

However, given the highly sedentary nature of Port Jackson
sharks (McLaughlin 1969; Powter and Gladstone 2009), we
expected that residency lengths will be a good proxy for resting

duration. For this study, the timeout window for residency
events was set to 15min. This is considered ample time for a Port
Jackson shark to swim out of the detection range of a receiver on
the basis of previously reported swim speeds (Ryan et al. 2015).

Further, the timeout window of 15 min should also be sufficient
to account for variation in both the detection probabilities
throughout the range of the receiver and the detection proba-

bilities during the day and the night.
A linear mixed model (LMM) with a Gaussian distribution

was generated using the ‘lme4’ package (ver. 1.1-23, see https://

cran.r-project.org/package=lme4;Bates et al. 2015) andwas used
to examine variation in the duration of residency events between
the sex and size of individual sharks, as well as between months

and years. An interaction term between month and sex was also
included in candidatemodels to account for the seasonal variation
between residency and movement of males and females (Bass
et al. 2017). Residency lengths (min) were log-transformed to

normalise the data and improvemodel fit. Candidatemodelswere
generated and their Akaike information criteria (AICc) were
compared using the ‘MuMIn’ package (ver. 1.43.15, K. Bartoń,

see https://cran.r-project.org/package=MuMIn). The model with

the lowest AICcwas used to examine the effects of mean-centred
fork length, sex and month on residency length (sensu Burnham

et al. 2011). Individual ID was set as a random factor to account
for pseudoreplication of individuals in the analysis and year was
set as a random factor to account for variation between the total

number of tagged individuals detected over the course of the
study.P-values for the general linearmodel were estimated using
the ‘Anova’ function in the ‘car’ package (ver. 3.0-7, see https://

cran.r-project.org/package=car and https://socialsciences.
mcmaster.ca/jfox/Books/Companion/; Fox and Weisberg 2019).

Cyclical patterns of reef attendance

Lomb–Scargle periodograms were generated for each individ-

ual to identify cyclical patterns in reef attendance, by using the
‘lomb’ package (ver. 1.2, see https://cran.r-project.org/pack-
age=lomb; Ruf 1999). The Lomb–Scargle algorithm is suitable

for incomplete and unequally spaced time series data and has
been shown to have better periodicity detection frequency and
accuracy in the presence of noise than do other methods (Ruf

1999). The majority of Port Jackson sharks are not present in
Jervis Bay outside of the breeding season and there is variation
in the arrival and departure dates among individuals and among

years (Bass et al. 2017). Consequently, the detection data of
individuals are unequally spaced and incomplete throughout the
year (Fig. S1 of the Supplementary material). For the purpose of
this analysis, individualswere restricted to their favoured site for

each breeding season. The ‘favoured site’ for each individual
was defined as the site at which they were most frequently
detected throughout the breeding season (on average, more than

85% of detections; Table S1 of the Supplementary material).
Detections of individuals at their favoured site were pooled into
hourly bins for each individual and the Lomb–Scargle algorithm

was sampled from periods of 2 to 100 h, with an oversampling
factor of 5 and a of 0.01.

Hourly detection patterns

Rao’s test for homogeneity was used to determine whether

there was significant variation in the hourly detection patterns
among individuals. Rao’s spacing test was then used to deter-
mine whether detection data for each individual was uniformly

distributed over a 24-h period to determine whether each
individual was detected at a particular time of day. Rao’s
spacing test and Rao’s test for homogeneity were performed

using the ‘circular’ package (ver. 0.4-93, C. Agostinelli and U.
Lund, see https://cran.r-project.org/package=circular). Given
that there was significant variation between the hourly detection

patterns of individuals and detections of most individuals were
not uniformly distributed over the day, we used hierarchical
clustering, based on a Euclidean distance matrix, to group
individuals on the basis of their hourly detection patterns.

K-means clustering, using the silhouette method, was used to
determine the optimal number of clusters and assign individuals
to those clusters. A heat map was then generated to visually

compare the hourly detection patterns among the clusters.

AData were sourced from Australia’s Integrated Marine Observing System (IMOS) Animal Tracking Database (https://animaltracking.aodn.org.au). IMOS is

enabled by the National Collaborative Research Infrastructure Strategy (NCRIS). It is operated by a consortium of institutions as an unincorporated joint

venture, with the University of Tasmania as Lead Agent.
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Logistic regression was used to determine whether mean-
centred total length influenced the hourly detection cluster of

individuals. A chi-square test of association was used to deter-
mine whether the proportion of males and females differed
among the clusters.

Results

Residency lengths

In total, 115 046 residency events were recorded from the 51

tagged individuals over the 8 breeding seasons. The maximum
residency length of Port Jackson sharks at their favoured sites
ranged from 254 to 3180 min (4.2–53.0 h) and the average resi-
dency length of Port Jackson sharks at their favoured sites was

55.2 � 0.3 min (Table 1; median ¼ 20.0 min). The best model
explaining variation in residency length included sex, month and
the interaction between these factors as fixed effects and indi-

vidual ID and year as random effects (DAICc ¼ 1.93, AICc
weight ¼ 0.724; Table 2). The GLMM that contained both indi-
vidual ID and year as randomeffects explained significantlymore

variance than did the same model without the random effects
(DAICc ¼ 11918.46, weight ¼ 1.00). The random effects con-
tributed to explain 11.8% of the variance within the model,

whereas the fixed effects explained 1.3% of the variation. There
was a significant interaction between sex andmonth (x2¼ 76.567,
d.f.¼ 5,P, 0.001).Post hocTukey contrasts showed that female
Port Jackson sharks exhibited significantly shorter residency

lengths at the beginning of the breeding season (June, mean �
s.e.¼ 51.1� 3.18 min; July, 51.9� 2.69 min) than at end of the
breeding season (September, mean � s.e. ¼ 67.0 � 1.36 min;

October, 76.0 � 1.66 min; November, 63.3 � 2.36 min; Fig. 2,
Table 3). By contrast, male Port Jackson sharks showed the
highest residency lengths in June (mean� s.e.¼ 59.9� 2.07min)

and October (mean� s.e.¼ 59.8� 1.52min), with the lengths of
residency periods being lower over the middle months of the
breeding season (July, mean� s.e.¼ 51.0� 0.686 min; August,
47.3� 0.516min; September, 54.3� 0.652min; Fig. 2, Table 3).

The lengths of residency events of males in November were
typically lower than in all of the other months (mean �
s.e. ¼ 24.9� 2.98 min).

Cyclical patterns of residency

Adult Port Jackson sharks showed high levels of periodicity in
their attendance patterns at their favoured sites (Table 1). The
majority of individuals (n ¼ 43) demonstrated significant peri-

odicity at an interval of ,24 h (Table 1, e.g. Fig. 3). Several
individuals also showed significant peaks ,8 h (n ¼ 14) and
12 h (n¼ 12; Table 1). Collectively, these results suggest that the

attendance patterns of Port Jackson sharks at breeding reefs
generally follow a 24-h cyclical pattern, which is consistent with
their responding to day–night light regimes with some minor
variation, perhaps through interactions with tidal regimes.

Hourly detection patterns

Rao’s tests for homogeneity found that there were significant
differences among the circular distributions of the hourly
detection patterns of individuals (test statistic ¼ 7686.820,

d.f. ¼ 53, P , 0.001). The hourly detection frequencies for the

majority of the tagged Port Jackson sharks (except ID32583)
were non-homogeneous (Table 1). Hierarchical clustering

identified two hourly detection patterns, namely, nocturnal
(n ¼ 40; Fig. 4) and diurnal (n ¼ 11; Fig. 4). There was no
significant difference between the mean centred length of

individuals who were detected at night and those that were
detected during the day (z¼ 0.06, P¼ 0.952). Additionally, the
proportions of males and females in each cluster were not sig-

nificantly different among clusters (x2 ¼ 0.975, d.f. ¼ 1,
P ¼ 0.323).

Discussion

This study presents the first analysis of the temporal variation of
residency in a benthic shark species. Throughout eight breeding

seasons, we found that the lengths of residency events of males
and females at their favoured sites varied throughout the
breeding season. The majority of Port Jackson sharks demon-

strated 24-h periodicity, suggesting a strong influence of diel
period on their observed attendance patterns; however, some
individuals exhibited periodicity of ,8–12 h, suggesting that
tidal factors may influence the attendance patterns of some

individuals on breeding reefs. Additionally, individuals fitted
into two general hourly detection patterns at their favoured sites,
namely, diurnal (n¼ 11) or nocturnal (n¼ 40). The constituents

of the two groups were not influenced by sex or size. This is
broadly consistent with the hypothesis that individuals may
partition space use on a temporal scale to reduce intraspecific

competition for resting sites on the breeding reefs. Our results
highlighted the importance of studying temporal variation
among conspecifics, so as to understand the ways in which

individuals within a population can mediate intraspecific com-
petition for resources, such as access to mates, which has
implications for the study of movement ecology across a broad
range of taxa. To our knowledge, this is the first such study in

marine ecosystems.
Variation in the residency lengths of male and female Port

Jackson sharks has important implications for the reproductive

biology of Port Jackson sharks. This variation was primarily
driven by the longer residency events of males at the beginning
of the breeding season and the longer residency events of

females thereafter, particularly at the end of the season. Previous
studies examining the arrival and departure of male and female
Port Jackson sharks found thatmale Port Jackson sharks arrive at
and depart from breeding aggregation sites in Jervis Bay before

females do (Bass et al. 2017; J. Pini-Fitzsimmons, S. Newson
and C. Brown, unpubl. data). The longer residency events of
male Port Jackson sharks early in the season may reflect the

increased time spentwaiting on reefs to intercept females as they
arrive at the aggregation sites during this period. Alternatively,
individuals may exhibit spatial or temporal variation in resi-

dency behaviour in response to intraspecific competition
(Papastamatiou et al. 2018) and, thus, males may exhibit
increased residency event lengths at the start of the breeding

season to ensure that they do not miss mating opportunities.
Similarly, we have observed that females tend to stay on the
breeding reefs after males have left as they lay their eggs in
rocky crevices. Females may exhibit longer residency events

because the water warms up to maximise their fecundity and
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increase the rate of egg development, a behaviour observed in
other elasmobranch species (Economakis and Lobel 1998;

Wearmouth and Sims 2008). Further, with fewer remaining
males, females are less likely to be sexually harassed later in the
breeding season, which may also prolong female residency

events on the subtidal rocky reefs. Sexual segregation on a
spatial scale is a common behaviour observed across many
species of elasmobranchs (Wearmouth and Sims 2010), includ-

ing other horned sharks (Meese and Lowe 2020). It is thought to
result from intraspecific competition, differences in pre- and
post-copulatory reproductive strategies or differences in habitat
or energetic requirements between the sexes (Sims 2003;

Wearmouth and Sims 2008; Jacoby et al. 2010). However,
much of the data on sexual segregation in sharks come from
differences in sex ratios of fisheries capture data and do not

allow for the testing of ecological hypothesis (Sims 2003). Here,
we show that Port Jackson sharks exhibit sexual segregation on a
temporal scale and that this variation may reflect contrasting

reproductive strategies of male and female Port Jackson sharks.
Although the presence of temporal sexual segregation in Port

Jackson sharks may alleviate the pressures of intraspecific
competition for resources (e.g. access to mates, food, resting

sites) between males and females, there is still increased
competition among individuals owing to their high levels of
residency at specific sites and the long residency events, as

shown by this study. This potential for competition is further
increased by the strong 24-h periodicity in attendance at their
favoured reefs. To mediate this increased pressure for resting

sites, food resources or access to mates, individuals within the
population may exhibit temporal variation in their use of
particular sites or resources (Kadri et al. 1997; Alanärä et al.

2001; Fingerle et al. 2016). Here, we found that Port Jackson
sharks exhibited two different hourly detection patterns at their
favoured sites throughout the breeding season. Although the
majority of individuals were primarily detected on the breeding

reefs during the night, a small proportion was primarily detected
during the day. Given that the Port Jackson sharks are aggregat-
ing during their breeding season, individuals may compete for

access to mates, access to limited refuging or high-quality
microhabitats that improve the ability of females to avoid sexual
harassment by males or to secure their eggs (e.g. caves). This

potential competition for access to limited microhabitats may
lead to temporal partitioning in residency behaviour. Given that
research on the visual system of the Port Jackson shark found
that they are typically well adapted for nocturnal vision (Peel

et al. 2020), understanding the factors that influence the diel
residency patterns of individuals is interesting. Understanding
why some individuals are resident during the day or night is a

clear priority for future research.
Demographic factors, such as size and sex, do not appear to

influence the hourly detection patterns that individuals display.

Research on temporal partitioning in fish has found that the
residency patterns of brown trout are influenced by the social
rank of individuals (Alanärä et al. 2001). Alanärä et al. (2001)

found that dominant individuals preferentially fed during the
night time, which maximised their foraging success while
minimising predation risk, and subordinate individuals foraged
during the day time. Given the large detection ranges of the

acoustic receivers used in this study, it was impossible toID
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determine the extent to which individual hourly detection
patterns were influenced by the presence of conspecifics
(Mourier et al. 2017). It would be valuable for future studies

to quantify the behaviour, and particularly interactions, of
individuals by using fine-scale acoustic receivers (Bass 2012;
Mourier et al. 2017), Vemco positioning systems (VPS,Mourier

et al. 2017) or novel proximity receiver technology (Guttridge
et al. 2010), to determine whether individuals are competing for
the same resources or whether they are simply utilising different

parts of the reef. Further, future studies could utilise biologging
tags incorporating tri-axial sensors to validate resting behaviour
or further quantify the resting times of individuals throughout

the breeding season (Kadar et al. 2019).
Port Jackson sharks have previously been shown to exhibit

high levels of residency and site fidelity to specific sites
(McLaughlin and O’Gower 1971; Powter and Gladstone 2009).

Although the residency lengths found in the present study (mean
maximum residency length ¼ 15.4 h) were considerably lower
than are previously reported resting durations based on visual

observations (27 h, Powter and Gladstone 2009), they highlighted
the propensity of Port Jackson sharks to exhibit long periods of
resting behaviour (McLaughlin 1969). Although data on themean

duration of resting events of other elasmobranch species are rare,
the maximum residency lengths of Port Jackson sharks in the

present study are similar to those observed in other benthic species.

For example, Huveneers et al. (2006) reported that banded
wobbegongs (Orectolobus halei) were found in the same area
for up to 1.8 days. Similarly, Castro (2000) observed that adult

nurse sharks (Ginglymostoma cirratum) rest in the same locations
for several days. These low levels of activity may reflect their low
metabolic rate. Research on nurse sharks found that they exhibit
low standard metabolic rates and spend the majority of their time

resting to optimise energy efficiency (Whitney et al. 2016).
Luongo and Lowe (2018) measured oxygen consumption in
juvenile California horn sharks (Heterodontus francisci) and

found that they exhibited standardmetabolic rates similar to those
of nurse sharks. Although juvenile Port Jackson sharks exhibited
slightly higher oxygen consumption rates than did California horn

sharks and nurse sharks, they still had relatively low standard
metabolic rates comparedwith other shark species (Gervais 2019).
Like nurse sharks, adult Port Jackson sharks may limit unneces-

sary energy usage to maximise available energy for reproduction.
Understanding the factors that influence temporal and spatial

behaviour is key to predicting how populations and species may
vary in their movement ecology. In elasmobranchs, individual

variation in behaviour is typically studied in relation to habitat
use (e.g. Clarke et al. 2011) or foraging behaviour (e.g. Matich
and Heithaus 2015; Papastamatiou et al. 2018; Matich et al.

2019). Matich and Heithaus (2015) suggested that intraspecific
variation in the habitat use of juvenile bull sharks could be
caused by intrinsic factors such as habitat-use preferences,

foraging strategies or even personalities. Although there has
been limited research on personality in sharks (Jacoby et al.

2014; Byrnes and Brown 2016), variation in personality traits
could drive variation in the residency, habitat use, movement

patterns and social behaviour of individuals (Finger et al. 2016;
Finger et al. 2018; Dhellemmes et al. 2020). In other taxa,
personality traits, such as aggression and boldness, have been

shown to drive intraspecific variation in the foraging behaviour,
intraspecific niche variation, habitat preferences, home range
utilisation and dispersal in individuals (Bergmüller and

Taborsky 2010; Cote et al. 2010; Brown and Irving 2014;
Spiegel et al. 2017). Additionally, social factors, such as domi-
nance rank, also influence diel behavioural variation in other

taxa (Fingerle et al. 2016). Linking personality traits, such as
boldness and aggression, and social factors, such as dominance
ranks and network position, to individual variation in the habitat
use and movements of elasmobranchs is a priority for future

research and is critical to better understanding the role that
individual variation plays in the ecological role of populations
and species.

Table 2. A subset of the candidate general linear models for the residency length of Port Jackson sharks on their favoured reefs in Jervis Bay,

Australia

Models are ranked by AICc

Model d.f. logLik AICc delta Weight

log(RL) , Month� Sex�Month�Sex�mcTL� (1 | ID)� (1 | Year) 16 –197 754 395 540 0.0 0.724

log(RL) , Month� Sex�Month�Sex� (1 | ID)� (1 | Year) 15 –1977 56 395 542 1.9 0.276

log(RL) , Month�mcTL� (1 | ID)� (1 | Year) 10 –197 781 395 581 41.5 0.000

log(RL) , (1 | ID)� (1 | Year) 4 –197 833 396 675 135.2 0.000
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Fig. 2. Mean (�s.e.) residency lengths of male and female Port Jackson

sharks throughout the breeding season in Jervis Bay, Australia.
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Although our work focussed on Port Jackson sharks, which are
of little conservation concern, they do play key roles in the
ecosystems in which they live. Therefore, these findings have

important implications for the communities inwhich Port Jackson
sharks live because they tend to dominate these communities,
particularly during the breeding season. Port Jackson sharks not
only exhibit a ‘top down’ influence on the ecosystems as predators

but may also exhibit an important ‘bottom up’ influence on the
ecosystem, with their eggs providing amassive influx of nutrients
into the recipient ecosystem. By developing a greater understand-

ing of the temporal partitioning of males and females on a
seasonal scale, we will be better able to predict the impact of
their roles within the ecosystem. Moreover, sexual and intraspe-

cific variation in movement behaviour has important ecological
and evolutionary implications for the development of complex
behavioural patterns (Austin et al. 2004). In this study, we have

shown that individuals and sexes within a population may parti-
tion their use of particular locations within their home range on a
daily and seasonal scale. Few studies examining movement and
habitat use in sharks and rays have taken both temporal and spatial

variability into account. Partitioning resources in this way may
substantially enhance the carrying capacity of given habitats,
which has implications for marine conservation and management

more broadly. Although we detected two different clusters of
habitat use over a 24-h period, we have little idea what the fitness
implications might be for individuals displaying these traits.

Moreover, the findings of this study may be applied to improving
the conservation and management of similar species that exhibit
predictable temporal patterns and site fidelity, because these are
species that are often most vulnerable to overexploitation. Last,

Table 3. Tukey’s multiple comparison contrasts of residency lengths of Port Jackson sharks among months throughout the

breeding season

Multiple comparisons were split by sex to account for the interaction between month and sex

July August September October November

Males

June Z¼ 5.877 Z¼ 9.683 Z¼ 6.564 Z¼ 3.416 Z¼ 2.471

P, 0.001* P, 0.001* P, 0.001* P¼ 0.006* P¼ 0.103

July – Z¼ 8.164 Z¼ 1.549 Z¼ –2.228 Z¼ 1.730

P # 0.001* P¼ 0.5723 P¼ 0.180 P¼ 0.449

August – – Z¼ –6.488 Z¼ –7.108 Z¼ 1.251

P, 0.001* P, 0.001* P¼ 0.770

September – – – Z¼ –3.308 Z¼ 1.629

P¼ 0.008* P¼ 0.517

October – – – – Z¼ 1.958

P¼ 0.309

Females

June Z¼ –0.187 Z¼ –2.650 Z¼ –3.905 Z¼ –5.093 Z¼ –4.978

P¼ 1.000 P¼ 0.079 P¼ 0.001* P, 0.001* P, 0.001*

July – Z¼ –3.230 Z¼ –4.712 Z¼ –5.930 Z¼ –5.145

P¼ 0.014* P, 0.001* P, 0.001* P, 0.001*

August – – Z¼ –1.976 Z¼ –3.569 Z¼ –2.737

P¼ –0.337 P¼ –0.004* P¼ –0.062

September – – – Z¼ –2.299 Z¼ –1.510

P¼ –0.181 P¼ –0.640

October – – – – Z¼ 0.068

P¼ 1.000
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Fig. 3. Typical Lomb–Scargle periodogram of hourly detection frequen-

cies of Port Jackson sharks at their favoured reefs within Jervis Bay,

Australia. Horizontal dotted line represents the power threshold at which

an individual is deemed to be showing significant periodicity. The data in

this figure are for ID32611. Figures for all individuals are found in Fig. S2 of

the Supplementary material.
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our results highlighted that studies grouping intraspecific varia-
tion in behaviour into a populationmean essentially disregards the
variation on which natural selection and evolutionary processes

operate (Judson 1994; Zollner andLima 1999;Austin et al. 2004).

Conclusions

In summary, we examined the residency behaviour of 51
acoustically tagged Port Jackson sharks over eight consecutive

breeding seasons and found that individuals exhibited variation
in both the timing and length of their residency events on sub-
tidal rocky reefs. Whereas the majority of individuals exhibited

nocturnal hourly detection patterns, a small proportion of indi-
viduals exhibited diurnal hourly detection patterns at subtidal
rocky reefs within Jervis Bay. It is possible that this variation in

hourly detection patterns reduces male–male competition for
access to females and reduces competition for resting or ovi-
position sites for females. Second, we found that males typically

exhibit longer residency events at the beginning of the breeding
seasons, whereas females exhibit longer residency events for the
latter part of the season, which is reasonably consistent with our
current knowledge of their breeding behaviour. These results

highlight the importance of considering the ways in which
individuals within populations and sexes within species utilise
the areas in which they live. Understanding the biological and

social drivers of this intraspecific variation in temporal resi-
dency behaviour remains a priority for future research.
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