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Large predatory fishes, such as sharks, play an important functional role within marine
ecosystems. Restocking of depleted populations has been extensively studied for
commercially or recreationally important teleost species; however, it has, to the best
of our knowledge, never been successfully attempted and assessed on sharks. We
evaluated whether 15 captive-bred wobbegongs (Orectolobus maculatus) released into
a small bay inhabited by wild sharks would survive and remain within a small no-take
marine reserve. The captive-bred sharks and 12 wild sharks were tagged with acoustic
transmitters and their presence was monitored by an array of acoustic receivers. The
detection rate of control tags was modeled against environmental variables to predict
detection probabilities and account for days when environmental conditions hampered
shark detections. The overall detection probability ranged from 28 to 38% and was
most affected by wind direction. Wild wobbegongs showed clear seasonal patterns of
attendance to the study site, with the highest probability of presence during the summer
months. The captive-bred sharks did not display the same seasonal trend in occurrence.
The age at which captive-bred sharks were released into the area affected residency
periods. Four out of five adults remained in the area for up to three years post-release,
while all the juveniles permanently left the area within a year post-release. Three of
the juveniles were detected on receivers up to 12 km from the study site. Therefore,
if restocking of depleted populations of sharks is to be used as a conservation strategy,
the age at which sharks are released must be considered.
Keywords: detection rate, IMOS, movement ecology, Orectolobus maculatus, passive acoustic telemetry

Introduction
Removal of large, predatory fish, such as sharks, can have substantial negative impacts for the health
of marine ecosystems (Myers et al., 2007; Heithaus et al., 2008; Ferretti et al., 2010). This, coupled
with many shark population declines (Botsford et al., 1997; Myers and Worm, 2003; Worm et al.,
2013), makes the need for effective conservation strategies orientated toward predatory fish of the
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has never been tested. While aquaria play an important role in
educating the public on conservation issues (Gusset and Dick,
2011), their direct relevance to conservation efforts could be substantially enhanced if their captive-bred sharks and rays were
successfully assimilated into wild populations.
Wobbegongs are demersal sharks found in temperate and
tropical Western Pacific waters (Compagno, 2001; Last and
Stevens, 2009). Three species of wobbegongs commonly occur in
New South Wales (NSW), Australia, and all were heavily targeted
for the sale of their flesh as “flake” (Huveneers et al., 2007a). Following a 50% decline in catches within a 10-year period, fishing
regulations were introduced in 2008 restricting the commercial
catch and banning recreation fishing of all wobbegong species
(Pease and Grinberg, 1995; NSW DPI, 2006). However, given
they are slow-growing and have low fecundity (Huveneers et al.,
2007b, 2013), it will take a long time to evaluate the effectiveness of such regulations. Based on previous studies that have
shown wobbegongs to have strong short- (days) to medium-term
(months) site fidelity (Carraro and Gladstone, 2006; Huveneers
et al., 2006) and seasonal variation in their abundance (Carraro
and Gladstone, 2006; Lee et al., 2014), it has been implied that
marine protected areas could only offer limited protection. However, wobbegongs can be successful bred in aquaria making them
a good species for potential restocking of depleted populations.
Within this broader context, the aim of this study was to determine whether captive-bred wobbegong sharks would assimilate
with wild populations following a release program by (1) comparing residency and seasonal movement patterns, (2) assessing
environmental parameters affecting presence, and (3) identifying
differences in inter-annual site fidelity between captive-bred and
wild wobbegongs.

upmost importance. Many elasmobranchs (sharks, skates, and
rays) have K-selected life history traits, such as late age-tomaturity, slow growing, or low fecundity (Holden, 1974, 1977),
making these species particularly vulnerable to overexploitation
(Bonfil, 1994; Smith et al., 1998; Walker, 1998). As a result and
with harvesting rates increasing globally (Stevens et al., 2000;
Field et al., 2009), a growing number of species are being driven
toward extinction (Dulvy et al., 2014). For species that move over
large distances, effective conservation strategies can be challenging, particularly when their movements cross multiple management jurisdictions (Dulvy et al., 2008). In the case of species
that form predictable annual aggregations or exhibit strong sitefidelity (e.g., reef sharks—Speed et al., 2011; zebra sharks—Dudgeon et al., 2013), conservation strategies and management regulations can be informed through greater understanding of the
environmental parameters driving spatio-temporal variations of
these aggregations or residency patterns (Speed et al., 2011).
The ever-growing demand for fish has led fisheries scientists
to consider several techniques to enhance productivity, two of
which include restocking and stock enhancement (Bell et al.,
2006). “Restocking” refers to restoring depleted populations to
a level where they can once again provide regular fishing yields,
whereas “stock enhancement” refers to releasing cultured animals
to increase fishing yields beyond that supported by the natural
environment of the species (Bell et al., 2006). Restocking is also a
critical tool in the conservation of endangered terrestrial species
(see reviews Jule et al., 2008; Williams and Hoffman, 2009; Champagnon et al., 2012). In the marine environment, studies have
largely focused on commercially or recreationally targeted fish
species (Hong and Zhang, 2003; Fraser, 2008). For example, a
restocking program for Atlantic salmon (Salmo salar) was initiated in 1992 in the Malbaie River, Québec, Canada, in response to
population declines. A pool of breeders is maintained at a provincial hatchery and each year 10 wild salmon are caught and added
to the breeding population. The progeny are reared in indoor
tanks until they are released as fry or smolt, respectively, at 4 or
15 months after hatching (Blanchet et al., 2008; Milot et al., 2013).
Despite numerous examples of such of re-stocking initiatives
being used worldwide, few have met expectations either due to
a lack of consideration to wider fisheries management of the target species (Bell et al., 2006), reduced genetic diversity and fitness
(Fraser, 2008), or different behavioral patterns of the captive bred
fish (Salvanes and Braithwaite, 2006). However, when appropriate management initiatives are implemented, such as modeling
of dispersal patterns and implementing no-take zones to protect
the released animals (Purcell and Kirby, 2006) or maintenance
of captive genetic diversity (Fraser, 2008), the primary aims of
re-stocking may be accomplished.
To date, the potential role of restocking for elasmobranchs
has not been investigated. However, increasing success in rearing captive-bred sharks and rays by aquaria may enable more
restocking opportunities for threatened or protected species, in
the same manner as with terrestrial animals. Internationally,
aquaria, like zoos, have long argued their relevance in conservation through their potential to breed and maintain captive populations of threatened species (Maitland and Evans, 1986). To
date, and to the best of our knowledge, their ability to successfully restock wild populations with captive-bred elasmobranchs
Frontiers in Marine Science | www.frontiersin.org

Methods
Study Site
The study was undertaken in Cabbage Tree Bay Aquatic Reserve
(CTBAR, 33◦ 47′ 57"S, 151◦ 17′ 44"E), a small ∼0.2 km2 no-take
marine reserve off Sydney, NSW, Australia (Figure 1). Habitats
within the reserve consist of barren boulders, areas of dense
Ecklonia radiata and rocky reef covered with macroalgae and
sponges, typical to subtidal inshore rocky reefs of temperate,
south-eastern Australia (Underwood et al., 1991). There are two
distinct reefs within the reserve that are separated by 120 m of
sand (Figure 1). This site was chosen as it had a known population of wild wobbegongs that visited the site seasonally with up
to a 100 sharks present during the summer months (Lee et al.,
2014). In addition, if the captive-bred sharks remained in the notake area fishers would not be able to catch them, thus the site
fidelity and survival would not be affected by such anthropogenic
causes.

Acoustic Telemetry
Six VR2W acoustic receivers (Vemco Ltd, Nova Scotia, Canada)
were deployed within CTBAR. Five were deployed up to 160 m
apart within the bay forming an overlapping array and the
sixth was deployed on the ocean side (Figure 1C). Range testing
was conducted to determine the effective detection range of the
receivers within the reserve (Heupel et al., 2006) and estimated
2
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FIGURE 1 | (A) Map of Cabbage Tree Bay Aquatic Reserve (CTBAR). Panel (B) shows CTBAR in relation to Sydney harbour and the AATAMS acoustic receivers
wobbegongs were detected on. Panel (C) shows a close-up of the acoustic receivers at CTBAR and their detection ranges.

October 2009 (all males, two juveniles). Wobbegongs were sampled at random and were caught by diving inside CTBAR using a
large hand net (diameter: 1 m; mesh size: 3 cm) that was held in
front of the shark by one diver. A second diver used blunt ended
poles (diameter: 2 cm; length: 1.5 m) to guide the shark into the
net. The sharks were brought on board the research vessel and
immediately placed in a 200 l tub containing oxygen-enriched
seawater with a solution of 30 ppm eugenol (AQUI-S, AQUIS-S
NZ, Wellington, New Zealand) for anesthetic induction. Once
the sharks were fully anesthetized, a coded V13-1L acoustic transmitter (battery life ∼1623 days; nominal interval 150–250 s) was
inserted into the coelomic cavity using standard surgery practice
(see Heupel and Hueter, 2001). All sharks were also fitted with an
external identification tag, containing a unique number, which
was inserted into the musculature below the first dorsal fin to
facilitate reporting if commercial fishers caught any of the tagged
wobbegongs.
Fifteen captive-bred wobbegongs (Orectolobus maculatus)
were tagged with the same V13-1L acoustic transmitters and
external identification tags as their wild counterparts prior to
being released into CTBAR. All wobbegongs were first generation captive-bred sharks that had been bred from adults caught
by commercial fishermen and surrendered to the local aquaria
for unknown reasons. Seven sharks were released in September

at a minimum of 200 m radius for all oceanic conditions. This
ensured that the entire protected area within the bay was acoustically covered (Figure 1C). Acoustic receivers were deployed on
sand in 6–12 m depth, affixed to a 1.35-m-long steel post that was
set in a concrete-filled tire. In addition, the Integrated Marine
Observing System-Australian Animal Tagging and Monitoring
System (IMOS-AATAMS, www.imos.org.au) maintains a line of
four VR2Ws across the mouth of Sydney Harbour, 4 km south of
CTBAR and 30 VR2Ws receivers perpendicular from the shore at
Bondi, 12 km south of the study site, extending to the continental
shelf 25 km offshore (Figure 1B).
Environmental variables are known to affect the probability
of a transmitter being detected by the acoustic receivers and
thus can influence the inference of animal behavior (Payne et al.,
2010; Gjelland and Hedger, 2013). To determine the variability
in detection probability three stationary transmitters (hereafter
referred to as “control tags”) were deployed within the acoustic
array detection range of 200 m to determine the level of environmental and/or biological noise affecting the detectability of the
animal tags.
Twelve wild wobbegong sharks (four females and eight males
Orectolobus maculatus) were captured and acoustically tagged
within CTBAR. Nine adult wobbegongs were tagged in June to
October 2008 (four females, five males), and another three in
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Thus, to avoid false-absences of the wobbegongs due to limited
detection probability, any environmental conditions whereby the
detection probability of the control tags was less than 15% were
removed from the study time. A 15% threshold was chosen in
relation to the mean nominal interval of the wobbegong transmitters (i.e., 100% detection rate given an animal was present
would yield 18 detections per hour, a 15% detection would yield
2.7 and be above the threshold used to indicate an animal was
“present”).

2008, three in February 2009, and a further five in January 2010.
The sharks released in 2008 and 2009 were classified as the “2008
release cohort.” In this cohort, all sharks were juveniles [mean
84 cm total length (TL); range: 77–87 cm TL] and consisted of
five females and five males. In the “2010 release cohort,” all sharks
were male, four were adults and one was a juvenile (mean 119 cm
TL; range: 115–123 cm TL). Prior to release, all captive bred
sharks were housed in aquaria located close to the release site.
They were fed a combination of whiting, pilchards, yellowtails,
trevally, squid, and octopus between two and six times a week.
They were housed in indoor aquaria of 1000 to 2.2 million L
capacity depending on their size. All aquaria were connected to
a flow-through seawater system and were subjected to the same
natural variation in water temperature (about 16–22◦ C) as found
in Sydney Harbour. The photoperiod in the aquaria artificially
mimicked the diel cycle at the study site.

Residency of Wobbegongs
Residency of the wild and captive bred sharks was measured
using a residency index (RI) and the number of consecutive days
sharks were “present” within CTBAR. Residency index was calculated by dividing the number of days a shark was “present”
within the reserve by the duration of the study. A wobbegong was
defined as “present” if it had been detected two or more times
within a 24-h period. A value of 0 indicated no residency and
a value of 1 permanent residency (Bryars et al., 2012; La Mesa
et al., 2012). Residency index for the wild sharks was calculated
from the day of tagging and for the captive-bred sharks it was
calculated from the day of their release in CTBAR. Residency
index was modeled against sex, age-class and whether the sharks
were wild or captive bred, with each release representing a different factor within the model (hereafter referred to as “release
cohort”). This was modeled using a beta regression model with a
logit link function (Ferrari and Cribari-Neto, 2004; Cribari-Neto
and Zeileis, 2010), using the “betareg” Package in R (version 15.3;
R Core Development Team, 2009). This regression is the most
suitable linear regression of response variables bounded by 0 and
1 (such as RI) and easily accommodates asymmetry (Ferrari and
Cribari-Neto, 2004). Sharks were classified as juveniles if they
were below minimum length at sexual maturity as reported in
Huveneers et al. (2007b). The best model structure was found
using a step-down approach with likelihood ratio tests (LRT).
This involves dropping each model variable sequentially and testing its significance using a LRT. A variable was retained in the
model if the p-value of the LRT was less than 0.05 (Zuur et al.,
2009). The predicted mean for each group of interest was calculated from the best beta regression model using the “predict”
function in the “betareg” package.

Data Analysis
Environmental Effects on Detection Probability
The detection probability of a potential transmission from each
control tag was calculated as the total number of detections
(from all the receivers within a 200 m radius) divided by the
expected number of transmissions (based on the average nominal interval of the tags). Generalized linear mixed modeling
(GLMM) was used to determine if the detection probability
was affected by the following environmental variables: time of
day (day or night), hour of the day, rain, wind speed, wind
direction, air pressure, and wind speed according to wind
direction (i.e., an interaction between wind speed and direction). The time of day (day or night) was calculated from
sunrise/sunset times from Australian Government Geoscience
Australia (http://www.ga.gov.au/geodesy/astro/sunrise.jsp). The
time was classified as “day” from sunrise to sunset and “night”
from sunset to sunrise. Rain, wind speed, wind direction, and air
pressure data were obtained from the Australian Bureau of Meteorology (BOM) from a weather station 10 km from the study site.
All of the variables were recorded for each minute of each day.
The total cumulative rain for each hour was calculated and the
hourly average was calculated for wind speed, direction and air
pressure. There was low collinearity between the variables (all
have r2 < 0.7, Pearson’s correlation) confirming that a GLMM
was appropriate. The GLMM was implemented using the lme4 R
package (Bates and Maechler, 2010). Since the aim of the GLMMs
was to do model predictions, model selection for the best model
was based on the Akaike Information Criterion (AIC). Any models with a difference in AIC (1AIC) of less than or equal to two
had “strong support”; 1AIC of four to seven showed “substantial
support” and 1AIC greater than 10 showed “no support” (Burnham and Anderson, 2002). If more than one model had 1AIC
of 10 or less, model averaging was used to calculate the variable
coefficients (Bolker et al., 2009) using the MuMIn R package (Barton, 2012). Predicted detection probabilities were calculated from
the model averaged coefficients and applied to the environmental
data for the period of time the wobbegongs were monitored. For
the following analyses, a shark was considered “present” within
the array if it was detected at least twice within a 24-h period,
eliminating the possibility of “false detections” (Pincock, 2011).
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Presence-Absence
The presence of the wobbegongs at CTBAR was calculated for
each hour of each day from 9th December 2008 to 13th November 2012. A wobbegong was defined as “present” if it had been
detected two or more times within the hour. All the rest of the
hourly bins where a wobbegongs was not detected were defined
as “absent.”
A GLMM was used to examine how time of day (day or night),
month, year, sex, age-class (adult or juvenile), breeding/nonbreeding season, austral season, and environmental variables
(moon illumination, length of day, and sea temperature) affected
the wobbegongs presence. The unique shark tag code was used
as the random effect. Additional environmental variables, such
as rain and wind speed, were not included in the model to
avoid over-parameterization given the limited number of sharks

4
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tagged. December to January was defined as the breeding season
(Huveneers et al., 2007b) and all other months were defined as
the non-breeding season. Summer was defined as December to
February, autumn as March to May, winter as June to August, and
spring as September to November. Again, the time of day (day or
night) and length of day was calculated from sunrise/sunset times
from the Australian Government Geoscience Australia. Daily
moon illumination data was obtained from the United States
Naval Observatory Astronomical Applications Department
(http://aa.usno.navy.mil/data/docs/MoonPhase.php). The mean
hourly sea temperature was calculated based on temperature
recorded by an acoustic transmitter (V16T, nominal interval
300–900 s) deployed within the array. Given the low number of
wild juveniles that were tagged (n = 2) and the lack of adult
female captive bred sharks, no sex and age-class interaction was
tested.
The response variable was coded as 1 if the sharks were
“present” and 0 if they were “absent.” A binomial error structure
using the complementary log-log link function was used for the
GLMM analysis as there was an inflated number of zeros in the
response variable (Zuur et al., 2009). Since the aim of the GLMMs
was qualitative understanding, rather than model prediction, a
step-down approach using LRTs were used to find the best model
structure (Bolker et al., 2009; Zuur et al., 2009). The probability of
“presence” was then calculated for all the model variables in the

best model using back-transformations from the estimates of the
model’s fixed effects.

Results
A GLMM analysis on the proportion of detection from the control tags produced five models with a 1AIC of two or less (see
Table 1 in Supplementary Material). Using the MuMIn package in
R and model averaging of all the models with a 1AIC of 10 or less,
it was determined that wind direction affected the detection probability the most, with a relative variable importance of 0.97. This
was followed by time of day (relative importance of 0.93) and air
pressure (0.92). Wind speed, total rain, water temperature, and
wind speed depending on wind direction were all poor predictors of the detection probability (relative variable importance of
0.44, 0.37, 0.26, and 0.19 respectively). The probability of detection over the time period the wobbegongs were monitored only
ranged between 28 and 38% (Figures 2A–F) and therefore did
not fall below the 15% threshold set. Consequently, the chance of
a false-absence of wobbegongs due to environmental conditions
was low.
Acoustic data were recorded for 12 wild wobbegongs and 15
released captive-bred sharks from June 2008 to November 2012.
A commercial fisher caught one of the wild wobbegongs on the
10th March 2010 15 km north of CTBAR. This individual, shark

TABLE 1 | Results of GLMM model selection using likelihood ratio tests for all wobbegongs.

Wild sharks

Full model

Variable dropped

Pres ∼ moon + month × year + sex + age
+day + hour + season × temp × day length,
random = ID

Season × temp × day length + season × temp

<0.001

Season × temp × day length + season × day length

<0.001

Season × temp × day length + temp × day length

<0.001

Moon

1

Month × year + month + year

Captive-bred sharks

Pres ∼ moon + month × year + sex + age
+day + hour + release + season × temp ×
day length, random = ID

P-value of Likelihood ratio test

<0.001

Sex

0.04

Age

<0.001

Day

<0.001

Hour

<0.001

Season × temp × day length + season × temp

<0.001

Season × temp × day length + season × day length

<0.001

Season × temp × day length + temp × day length

<0.001

Moon

1

Month × year + month + year

<0.001

Sex

1

Age

<0.001

Release

<0.001

Day

<0.001

Hour

<0.001

The tag code was used as the random effect. “Pres” is presence-absence, “moon” is the percentage of moon illumination, “day” is time of day (day or night), “temp” is water temperature,
“release” is the release cohort of the captive-bred sharks and “season” is austral season. When the significance of the interaction was tested “+” indicates an additional variable was
added.
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FIGURE 2 | Predicted detection probability values against best predictors: (A) time of day; (B) air pressure; (C) wind direction; (D) wind speed; (E) rain;
and (F) water temperature.

individual variation in how long each shark spent within CTBAR
(Figure 3). Four of the wild wobbegongs tagged in 2008 (44%
of tagged sharks), three males and one female, remained in the
area for the following summer and then did not return to the
area again (#1, 3, 4, and 6) (Figure 3A). A similar pattern was
observed from one of the wild sharks tagged in 2009 (33%), however, this shark returned to the area for a total of 11 days nine
months later (#12) (Figure 3A). The remaining sharks showed a
clear seasonal presence at CTBAR (Figure 3A). In contrast, the
captive-bred sharks exhibited a range of responses after release,
with residency ranging from 1 to 206 consecutive days across
seasons (Figure 3B). This cross-seasonal residency was not displayed by wild-caught sharks (except possibly #2). However, once
the captive-bred sharks left CTBAR, only one animal returned
in a similar cycle to that displayed by free-ranging sharks (#C).
Departure date did not correspond with that of wild-caught
sharks (Figure 3B).
Two of the captive-bred sharks released in 2008 were only
detected in CTBAR for 1 day following their release (#B and
F). However, both of these sharks were later detected on IMOSAATMAS receivers to the south of CTBAR. One (#F) was

ID 1, was last detected in CTBAR on the 14th January 2009 and
was not detected on any of AATAMS receivers after this time.
It was only included in the analyses from the time of tagging to
the time of reporting (i.e., the RI and presence-absence was only
calculated from time of tagging to capture).
Both the wild and captive-bred sharks exhibited varying levels of low to medium residency, with a median RI of 0.13
(range: 0.00–0.53) and no permanent residency (Figure 3). Beta
regression models showed that sex and age-class (juvenile or
adult) did not affect the RI of the tagged sharks (beta regression p-values: sex = 0.34 and age-class = 0.78). However, there
was a significant difference between the wild sharks and the different “release cohorts” of the captive-bred sharks (beta regression p-value = 0.02). The wild wobbegongs had the highest
predicted RI value (predicted mean = 0.21) and the captivebred sharks released in 2008 had the lowest predicted RI (predicted mean = 0.07). The predicted RI value for the adults
was twice that of the juveniles (predicted means: adults = 0.20,
juveniles = 0.10).
Sharks were only detected in CTBAR for a median of 10
consecutive days (range: 1–206 days), although there was high
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FIGURE 3 | Time series of detections across all six VR2W receivers in CTBAR for (A) all 12 tagged wild wobbegongs and (B) all 15 captive-bred sharks
released into the area.

sharks from the same release cohort was detected in CTBAR for
18 months after its release, left CTBAR for 6 months, before
returning for 15 days (#I). However, during its absence from
CTBAR it was detected on the Bondi receivers. Five of the wild

detected on receivers deployed across the mouth of Sydney Harbour for 9 days in October 2011 and the other (#B) was periodically detected on receivers deployed near-shore off Bondi
between August 2011 and April 2012. Similarly, another of the
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found to be a poor predictor of presence-absence of both wild
and captive-bred sharks and was not included in either of the best
models (Table 1).
Presence-absence of wild wobbegongs was found to be dependent on the hour of the day, day/night, sex, age-class, month
depending on the year, and austral season depending on water
temperature and day length (Table 1). Males and juvenile sharks
had the highest probability of being present (Figures 4A,C).
Although hour of the day, day/night, and a month-year interaction were included in the best model, there was little variation in the probability of a wobbegong being present across

tagged wobbegongs were also detected on the Bondi receivers for
periods of up to 5 days (#2, 7, 8, 9, and 11). The majority of the
detections were from near-shore receivers, however, one shark
(#11) was detected 23 km offshore.
The GLMMs for both the wild and captive-bred sharks
showed that austral season was a better predictor for presenceabsence than breeding/non-breeding season (both 1AICs > 10,
LRT p-value < 0.001). Furthermore, the three-way interaction
between austral season, water temperature, and day length was
a better predictor than the variables as main effects or combinations of two-way interactions (Table 1). Moon illumination was

FIGURE 4 | Boxplots of the predicted values from the best GLMM
models for the probability of wild and captive-bred wobbegongs
being present at CTBAR against sex of the shark (A,B); age class

Frontiers in Marine Science | www.frontiersin.org

(C,D); and time of day (E,F). The box indicates the interquartile range;
the line indicates the median and the whiskers show the 95% confidence
interval.
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seasons depending on water temperature and day length was less
pronounced than the wild sharks (Figure 6B).

the levels of these variables but high variation within each level
(Figures 4E, 5A). Again, the seasonal attendance of the wobbegongs was evident, with a higher probability of presence between
August and February in each of the years monitored (Figure 5A).
This was reflected in the differences in the probability of presence between the four austral seasons depending on the water
temperature and day length (Figure 6A).
The best GLMM model structure for the captive-bred sharks
had all the same variables as the best GLMM for wild sharks,
for the exclusion of sex and the inclusion of “release cohort”
(Table 1). The sharks released in 2010 had higher probability of
presence in CTBAR than the sharks released in 2008 (Figure 7).
As with the wild wobbegongs, there was no substantial difference in probability of presence between the day and night,
and between adults and juveniles (Figures 4B,D,F). Males had a
slightly higher probability of presence than females (Figure 4B),
however this was likely biased by all the sharks released in 2010
being males. There was a less obvious seasonal pattern across
the year for captive than the wild wobbegongs (Figure 5B). In
addition, the probability of presence between the different austral

Discussion
Despite global declines in abundance of many elasmobranch
species, restocking of depleted populations with captive-bred animals has, to the best of our knowledge, never been successfully attempted and evaluated for any shark species. This study
shows that captive-bred wobbegong sharks were able to assimilate into the wild, with some individuals exhibiting medium- to
long-term residency at the release site (up to 206 days), prior to
permanent emigration from the area. Some of the sharks that
left the area were subsequently detected 12 km south of the
release site, with one shark being detected there two and a half
years after being released. Five of the wild wobbegongs were also
detected at this same site. Therefore, although their long-term
survival could not be determined, this shows that the released
individuals had similar geographical movements as wild wobbegongs and demonstrates their successful introduction into, the

FIGURE 5 | Predicted values from the best GLMM models for the probability of (A) wild and (B) captive-bred wobbegongs being present at CTBAR
against month by year.
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FIGURE 7 | Predicted values from the best GLMM model for the
probability of captive-bred wobbegongs from the 2008 and 2010
cohorts being present at CTBAR.

Residency of Wild vs. Captive-Bred Wobbegongs
The tagged wild wobbegongs exhibited seasonal movement and
many returned to the area even after long absences. A few of the
sharks exhibited a degree of transience and were only detected
for the summer following their tagging and were not detected
again. Overall, the captive-bred sharks had a significantly lower
long-term site-fidelity to the study area than their wild counterparts and did not display the same level of seasonality. Only four
of the captive-bred sharks returned to the study after temporary
absences.
A previous study, using mark-recapture techniques, also
showed a high rate of transience in this wild wobbegong population, with over 60% of the sharks captured only once during the
2-year study (Lee et al., 2014). The current study found a lower
level of transience in the wild population, with two-thirds of
the sharks being detected for two or more austral seasons. This
lower level of transiency may be a result of tagging the sharks
in the spring and summer months, seasons which appeared to
lead to a higher probability of them being present the following
summer (Lee et al., 2014). However, the captive-bred sharks did
not display the same level of seasonality as the wild ones and
the captive-bred sharks had a lower probability of remaining
resident in the release area. This could be biased by the different
ages at which the sharks were released as some adults remained
in the area for up to 3 years post-release, whereas all juveniles
had left within a year. Lee et al. (2014) sighted fewer juvenile
male and female wobbegongs than adults and Huveneers et al.
(2007a) found that commercial fisherman rarely caught neonate

FIGURE 6 | Predicted values from the best GLMM models for the
probability of (A) wild and (B) captive-bred wobbegongs being present
at CTBAR against austral season depending on water temperature and
day length.

wild for extended periods. Importantly, these individuals were
able to successfully forage, avoid predators, and survive in a
natural environment following release.
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being present was lowest in the autumn, a time when the water
temperature peaks and abundance of temperate fish species is
highest (e.g., Irigoyen et al., 2013), suggesting that other factors
such as mating may be driving movements in these animals. Ideally, future studies should assess predator and prey abundance
and movements concurrently to model and differentiate effects
from environmental and prey fluctuations.

or juvenile wobbegongs along the NSW coast. This suggests that
neonate and juveniles wobbegongs may inhabit different habitats
from the adults, i.e., nursery areas.
Many different shark species utilize nursery areas in the
developmental stages of life. For example, Taylor and Bennett (2013) found that neonates of five shark species, including
dusky sharks (Carcharhinus obscurus), nervous sharks (C. cautus) and blacktip sharks (C. limbatus–C. tilstoni), were abundant in shallow waters of Moreton Bay, Queensland, Australia,
that were not utilized by their adult counterparts. Similarly,
Simpfendorfer et al. (2010) found that adult smalltooth sawfish (Pristis pectinata) inhabited deeper water than juveniles.
Therefore, if restocking is used as a conservation strategy for
elasmobranch species, the age of the animals and the habitat
use of each age group must be taken into consideration, especially if the release area is meant to take advantage of a marine
reserve.

Effects of Environmental Variables on Detection
Rate
By utilizing passive acoustic telemetry in this study, we were able
to track the tagged wild and captive-bred sharks over a large
spatial and temporal scale. However, environmental variables
can affect the detection probability of transmissions by acoustic tags, and subsequently influence the inferences made from
animal detections (Payne et al., 2010) and must be considered
when designing a study. We found that for this presence-absence
study the effects of changing detection probabilities may not be
as dramatic as in analyses based on the total count of detections,
e.g., changes in diel behavior. A minimum threshold by which
an animal is considered present can be set to allow for a reduced
detection probability, while still accounting for the chance of false
detections. This study found that day/night, wind direction, and
air pressure were the strongest influences on the detection probability of control tags. The strong effect of time of day is unsurprising given the results of previous studies that have showed
the presence of nocturnally active crustaceans have been shown
to reduce detection frequency (Heupel et al., 2006; Payne et al.,
2010). However, the remaining results must be extrapolated to
other studies with caution. The study site was a bay that is very
sheltered from strong winds from all directions except northwesterlies, which explains the reduced detectability observed with
wind from this direction as any winds would cause localized surface currents and increase the amount of background noise. The
effect of wind speed may therefore be more apparent in more
open, exposed environments and subsequently may influence the
detectability of tags more than wind direction, such as found
by Gjelland and Hedger (2013). However, it was not possible to
incorporate wave height or ocean current into the analyses used
in this study, as there were no local data although the strong effect
from air pressure may indicate that sea swell would affect the
detectability. Water temperature may also play an important role
in studies conducted in the open ocean, especially in areas with
high isothermals. The presence of thermoclines has previously
been found to affect the detection range of receivers (Singh et al.,
2009) and thus would affect the probability of detections. However, this study was conducted in a shallow, near-shore area where
the receivers were above thermocline depth (Gray and Kingsford,
2003).

Conservation of Wobbegong Sharks
This study suggests that small marine reserves are likely to play
a limited role in wobbegong conservation given the low overall
residency and the extent of movement out of the reserve. This
is further demonstrated by one of the study individuals having
been caught by a commercial fisher only 15 km out of the reserve.
Previous studies on other wobbegong species found that the
sharks exhibited low site fidelity and were only present at localized study sites for a limited number of consecutive days (Carraro
and Gladstone, 2006; Huveneers et al., 2006). The results of this
study indicate there was clear seasonality in the movement of the
sharks, with a higher probability of presence in the spring and
summer months. This supports findings from a mark-recapture
study conducted in the same study area (Lee et al., 2014), that
found temporary emigration was based on austral season rather
than breeding and non-breeding seasons. These results are supported by previous studies on sympatric species of wobbegong
that also found stronger seasonal correlation with abundance
than mating-related periods, per se (Carraro and Gladstone, 2006;
Huveneers et al., 2009).
The wobbegong sharks tracked in this study display interannual site fidelity, returning to the same area every year.
Exploitation of such aggregation areas could have high impacts
for the local population. This suggests that fishing closures during the summer months in areas where wobbegongs are known
to aggregate may contribute toward the conservation of, at least,
part of the population.
Understanding the environmental drivers of coastal shark
aggregations is critical to developing effective conservation and
management plans. Being able to predict when they may occur
would allow fisheries managers to implement a spatio-temporal
system of management options, including temporal fishing closures during periods of peak abundance. We found that the
primary drivers for determining wobbegong abundance and distribution were day length and water temperature. Many shark
species use photoperiod (day length) and water temperature
as migratory cues (Milner-Gulland and Fryxell, 2011; Dudgeon
et al., 2013), and use environmental signals to form mating aggregations (Pratt and Carrier, 2001). The probability of a wobbegong
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Future Research
While the use of acoustic telemetry allowed us to meet the aims of
this study, the use of a more spatially detailed biologging method,
such as GPS tracking or satellite tags, may be more appropriate to
address such questions as the survival rate of animals released. To
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been shown in critically endangered terrestrial species, the release
of captive-bred elasmobranchs has the potential to be a valuable
conservation tool.

further investigate the affect that age at release has on the behavior and survival of captive-bred elasmobranchs, studies should
also endeavor to release both groups at the same time or under
the same environmental conditions to remove the potential for
seasonal movements affecting the behavior of the released animals. This was not possible in this study due to the novelty of this
research, which meant that the options for further releases were
dependent on the success of the first one.
This study suggests that well managed re-stocking programs
may enhance wild elasmobranch populations, however, lessons
learnt from similar research on teleost should be assessed and
quantified. First, the genetic diversity of the captive bred populations would need to be carefully maintained to ensure the
fitness of the released individuals (Fraser, 2008). Second, an
assessment of the genetic diversity of the wild populations before
and after the releases should occur (Ward, 2006). Finally, rearing conditions of the captive individuals should enhance natural behavior to enhance their likelihood of post-release survival
(Salvanes and Braithwaite, 2006). These conditions should form
the basis of further research into restocking of elasmobranch
populations.
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Conclusions
In this study, we have shown that released captive-bred sharks
can successfully forage, avoid predators, and inhabit areas populated by wild wobbegongs. Although the slow life history characteristics for most elasmobranchs may preclude large-scale
restocking, we have demonstrated that for some species successfully kept in captivity there may be the opportunity to contribute
to the conservation measures. While restocking of sharks per se
is unlikely to be effective in the absence of other measures, as has
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