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INTRODUCTION

In the marine environment, wide-ranging organisms
across a range of taxa frequently participate in
seasonal aggregations. These include crustaceans
(Osgood & Checkley 1997, Sampedro & Gonzalez-
Gurriaran 2004, Sourisseau et al. 2006), echinoderms
(Young et al. 1992), teleosts (Domeier & Colin 1997,
Newlands et al. 2006), chondrichthyan fishes (Wilson
et al. 2001) and cetaceans (Smith & Martin 1994, Fried-
laender et al. 2006). Animal aggregations, as defined
by Allaby (2006), are groups of independent individu-
als that are attracted to an environmental resource,
and lack social organisation. The attracting environ-
mental resources may be driven by physical processes,
e.g. oceanic structures (Friedlaender et al. 2006) or
temperature (Hight & Lowe 2007), or biological pro-

cesses, e.g. feeding sites (Friedlaender et al. 2006) or
spawning aggregations (Domeier & Colin 1997).

Many chondrichthyan fish species form seasonal
aggregations, whose proposed functions include mat-
ing (Castro & Rosa 2005), foraging (Wilson et al. 2001,
Meekan et al. 2006) and refuging (i.e. resting during
the inactive diel phase: e.g. Nelson & Johnson 1980,
McKibben & Nelson 1986, Semeniuk & Dill 2005). Fur-
thermore, sex and size segregation in aggregations are
common, and have been found to be correlated with
reproductive strategy (Klimley 1987, Economakis &
Lobel 1998, Sims et al. 2001, Hight & Lowe 2007). Klim-
ley (1987) found that sexual dimorphism and gender
bias were more prevalent in viviparous than oviparous
species, which may be due to females seeking either
warmer waters to aid in gestation, or richer food
sources to aid in growth for reproductive output. Sev-
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eral species show size segregation particularly in the
use of juvenile nursery areas. These may provide re-
fuge from larger predators as well as foraging grounds
(Heupel & Simpfendorfer 2005). Predictable aggrega-
tions may be of particular conservation concern if
localised fishing can rapidly remove a large proportion
of the population (Sadovy & Domeier 2005). This con-
cern is amplified if the aggregation comprises a large
proportion of one life-history stage of the population.
For example, aggregations of pregnant female piked
dogfish Squalus acanthias have been targeted by fish-
eries (Compagno et al. 2005).

Predictable aggregations also lend themselves to
mark-recapture studies where reasonably high recap-
ture probabilities are required to estimate various
demographic parameters (average recapture proba-
bilities ≥ 0.1; Otis et al. 1978). Such studies in sharks
have focused primarily on size of aggregations (e.g.
McLaughlin & O’Gower 1971, Cliff et al. 1996, Strong
et al. 1996), though mortality (Cliff et al. 1996) and sur-
vival (Bradshaw et al. 2007) have also been estimated.
Photographs of natural markings for identifying indi-
viduals, termed photo-identification (photo-ID), from
pioneering work on marine mammals (Hammond
1986) have been used in several shark species as the
‘marking’ method. These include white sharks Car-
charodon carcharias (Domeier & Nasby-Lucas 2007),
whale sharks Rhincodon typus (Meekan et al. 2006,
Speed et al. 2007), nurse sharks Ginglymostoma cirra-
tum (Castro & Rosa 2005) and grey nurse sharks Car-
charias taurus (Van Tienhoven et al. 2007). Photo-ID
methods have helped to circumvent some problems
with conventional tagging such as tag loss and individ-
ual behavioural responses to restraining and tag inser-
tion (capture heterogeneity; Minta & Mangel 1989).
However, the reliability of the method is species-
specific: in the highly patterned whale sharks, the
spotting patterns have been used to match individuals
unambiguously with success spanning 12 yr (Meekan
et al. 2006) while in the less patterned nurse shark,
only 46% of the observed sharks within an aggre-
gation were identifiable based on natural markings
(Castro & Rosa 2005).

The zebra shark Stegostoma fasciatum is a medium-
sized, demersal shark distributed within shallow,
coastal, subtropical and tropical waters of the western
Pacific and Indian Oceans (Compagno 2002). Zebra
sharks are usually solitary, found resting on sandy sub-
stratum around coral and rocky reefs. However, they
also form aggregations comprising 20 to 50 individuals
(Pillans & Simpfendorfer 2003). The shallow coastal
water preference and formation of aggregations in
zebra sharks makes them highly susceptible to direct
and indirect capture from various fisheries and has
resulted in their classification as ‘Vulnerable’ on the

IUCN Red List in parts of their range. In Australian
waters, zebra sharks (known locally as leopard sharks)
are not fished for consumption and are classified as
‘Least Concern’ (Pillans & Simpfendorfer 2003).

This study focuses on an annual aggregation of
zebra sharks that occurs over the austral summer
months in the inshore coastal waters of southeast
Queensland, Australia. As zebra sharks in this region
are not fished, this aggregation provides an opportu-
nity to investigate and calculate base-line population
parameters, such as abundance and survival probabil-
ities, for an unexploited population. Zebra sharks are
part of the order Orectolobiformes, or carpet sharks,
which is comprised mainly of benthic or demersal
sharks as well as the pelagic whale shark. The juve-
niles of many orectolobiform sharks have strongly pat-
terned body pigmentation (bars, saddles and spots)
and most species undergo a large ontogenetic change
in patterning which may reflect the different habitat
use between juvenile and adult forms, particularly in
benthic species (Dingerkus 1986). Adult zebra sharks
are commonly encountered on shallow reefs (<30 m
depth), while juveniles tend to be found in deeper
waters of greater than 50 m (Compagno 2002). Juve-
nile zebra sharks have bold stripes and saddle mark-
ings that start to break up at total length (TL) of around
500 to 900 mm (Compagno 2002). This variation in
natural markings may lend itself to individual identi-
fication.

In this study we employed mark-recapture methods
to estimate population abundance of zebra sharks in
a seasonal aggregation. We combined conventional
physical tagging and photo-ID to confirm the unique
and persistent character of the pigmentation patterns
for individual identification. Further we investigate the
size and sex distribution of the aggregation and exam-
ined variation due to sex, capture heterogeneity, sur-
vey effort and temporary emigration with Pollock’s
robust design.

MATERIALS AND METHODS

Study site. During the austral summer, zebra sharks
have been periodically observed at various subtropical
coastal rocky reefs extending over 300 km from Wolf
Rock (25° 55’ S, 153° 10’ E) in southeast Queensland to
Julian Rocks (28° 38’ S, 153° 38’ E) in northern New
South Wales, Australia (C. Bansemer, R. Pillans,
H. Elek, S. Hartley pers. comm.). We focused this study
on one reef, called ‘The Group’ (27° 23’ S, 153° 33’ E),
located approximately 500 m offshore from North
Stradbroke Island, southeast Queensland (Fig. 1). This
site was chosen because zebra sharks had been
observed here with regularity (D. Bell pers. comm.),
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the location is central to the distribution, and the site is
readily accessible. The primary reef structure com-
prises a rock substratum with scattered sand patches
covering an approximate area of 100 × 50 m with
depths ranging from 5 m to 18 m. Zebra sharks are
commonly found during daylight hours sitting on the
sandy substratum facing into the prevailing southerly
current (C. L. Dudgeon pers. obs.). Three other rocky
reefs occur within a 4 km radius of The Group. One of
these sites, Boat Rock, was not surveyed due to haz-
ardous sea conditions hindering
attempts at repeated surveys, and
though we surveyed the other 2 sites,
Flat Rock and Shag Rock, periodically
during the study, zebra sharks were
found in much smaller numbers (0 to 3
individuals at any one time) than at
The Group.

Sampling approach. All surveys
were conducted during the austral
summer months (November to April
in 2003-04 and 2004-05, and Novem-
ber to February in 2005-06). Surveys
commenced immediately following
reports from local dive tour operators
of zebra sharks arriving at The Group.
In the first 2 seasons, surveys were
conducted into April of each year.
However, because the numbers of
sharks declined markedly during
March and April, these months were
pooled into the late season (February)
sightings and not surveyed during the
last year. During each month, multiple
surveys (between 4 and 25) were con-
ducted where each survey comprised

a 40 min swim with SCUBA traversing a circuit follow-
ing the multiple depth contours of the site.

Photo-ID and confirmation. During the first survey pe-
riod, wild zebra sharks were photographed from all as-
pects to assess the most useful features for photo-ID. Pre-
liminary observations suggested that the aggregation
was comprised primarily of large zebra sharks with adult
spotting patterns. We found the most variation in spot-
ting patterns was on the first dorsal fin and lateral flank
region from behind the gill slits extending caudally to the
pelvic fins and we consequently focused on these re-
gions (Fig. 2). Photographs of each swimming or resting
shark encountered during surveys were taken with an
Olympus C50 digital camera. Where possible, both sides
of the shark were photographed, though as the sharks
tend to orientate into the southerly current with the rock
structure adjacent to their right side, the left side was of-
ten the most accessible and therefore all sharks in the
study had left lateral photos taken. Photographs were
also taken of any unusual body features including in-
juries and deformities and these were used to assist in in-
dividual identification. Photographs were matched by
eye by 1 or 2 observers and double-checked by the pri-
mary investigator (C. L. Dudgeon).

As zebra sharks undergo a large ontogenetic change
in marking patterns (Compagno 2002), consistency of
individual markings over time was unknown. To con-
firm the use of natural markings for identification in
wild zebra sharks, we applied numerically coded dart-
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Fig. 1. Location of study site ‘The Group’ in southeast Queens-
land, Australia

Fig. 2. Stegostoma fasciatum. Photo-ID patterns of 2 zebra sharks for: (a,b) shark
with dart-tag and number validated, ID code = MBM5, (a) first sighting and
(b) 810 d post-tagging and; (c,d) shark with dart-tag and number not validated,
ID code = MBF26, at (c) first sighting and (d) 767 d post-tagging. Diagnostic
spotting regions for photo-ID are highlighted. The fouled dart-tag is visible in
photo (b), and was removed following this photograph ID for number validation
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tags (Hallprint) to 95 zebra sharks that were also
photographed during the first 2 yr of the study. Dart-
tags were inserted into the dorsal musculature at the
base of the first dorsal fin of the shark while it rested on
the substratum, and applied using a hand spear on a
tagging pole by SCUBA divers. When sharks with
dart-tags were re-sighted on subsequent surveys,
photographs of the sharks were taken. If possible, the
tag number was read in situ, however due to fouling on
the tags it was necessary to remove the tags from some
sharks to read the numbers for photo-ID confirmation.

Further, there were 2 individuals (1 male and 1 fe-
male) that had cattle ear tags inserted through the dor-
sal fins during a prior study conducted at The Group in
November 2000 (D. Bell pers. comm.). These sharks
were photographed during the course of our study and
incorporated into the data set. For the male shark, we
obtained an archival photograph from December 2000,
shortly after the tagging event, that we were able to
photo match and use for photo-ID confirmation

Size measurements and sex identification. TL of
sharks resting on the substratum was estimated by tak-
ing a photograph of the entire shark from a dorsal as-
pect (in line with the first dorsal fin). A tagging pole of
known length and width placed on the substratum par-
allel and adjacent to the shark was used to calibrate the
digital ruler for taking measurements from the photo-
graph using the software Matrox Inspector 2.1 (Matrox
Electronic Systems). For 5 individuals, TL was mea-
sured in situ with a tape measure to compare the esti-
mates from the photographs. Further multiple photo-
graphs of the same individuals within seasons and
between seasons were measured to obtain variation in
length estimates using the photographic technique.
Size differences between male and female sharks and
between new and re-sighted sharks per season were
analysed using t-tests. Sharks were sexed visually by
looking for the presence of claspers that are found only
in males (Last & Stevens 1994). Temporal effects in ob-
served sex-ratio were analysed by constructing a series
of binomial generalised linear models (GLM) with a
logit-link function, implemented in the R Package
(R Development Core Team 2004). The fixed factors of
(1) Year and (2) Month were compared to the null
model (underlying distribution not including factors).
The additive and interaction effects (3) Year + Month
and (4) Year × Month were assessed using a stepwise
approach and the significance of the added factor was
evaluated at the 5% error level using the χ2 test.

Abundance estimates and population modelling.
Annual estimates of population size for male and fe-
male zebra sharks aggregating at The Group during
2003 to 2006 were derived using Pollock’s robust
design (Pollock et al. 1990, Kendall et al. 1995) imple-
mented in the program MARK v. 4.3 (White & Burn-

ham 1999). Pollock’s robust design model combines 2
levels of sampling: primary periods and secondary
samples nested within the primary periods. Primary
periods are those that are separated from each other by
sufficient time to allow for change in the population
through gains and losses (Kendall 1997). For this
study, the 3 summer field seasons (2003-04, 2004-05,
2005-06) were treated as the primary periods, allowing
the population to be demographically open between
years. Conversely, secondary samples are separated
by short enough amounts of time to consider the popu-
lation as demographically closed (Kendall 1997). The
4 mo within each field season (November to February)
were treated as secondary samples with intervals
ranging between 9 and 33 d.

The robust design calculates the following parame-
ters: apparent annual survival ϕ (i.e. probability that a
shark is alive and available for re-capture, herein re-
ferred to as survival), temporary emigration γ (the prob-
ability of not being available for capture given the indi-
vidual is alive), capture probability p, and abundance Ñ
(Pollock et al. 1990). There are several advantages to
using the robust design. First, abundance and survival
parameter estimates are robust to capture heterogene-
ity (individual differences in capture probabilities). The
Cormack-Jolly-Seber (CJS) open population model
(Cormack 1964, Jolly 1965, Seber 1965), that calculates
survival and recapture probabilities, is robust to cap-
ture heterogeneity in survival estimates and within the
robust design is used to estimate survival probability
among primary periods. Closed population models are
more robust than CJS models to heterogeneity in abun-
dance estimates and are therefore used in the robust
design to estimate abundance across secondary
samples within primary periods. Second, all parameters
can be estimated; in contrast, there are several para-
meters in Jolly-Seber (JS) models, open population
models that include abundance estimation, that cannot
be estimated due to confounding. Third, individual co-
variates can be incorporated into the model to allow for
greater data maximisation (Kendall & Pollock 2001).

Assumptions of the parameter estimations for the
robust design are: (1) all zebra sharks possess unique
markings and these marks are stable over time; (2) the
population is closed to additions (birth and immigra-
tion) and deletions (death and emigration) within each
primary period; (3) survival probability is equal for all
sharks within each sex among primary periods.

Huggins’s closed model estimator (Huggins 1989)
was used to derive population size as this estimator is
robust to small samples sizes and allows for individual
covariates to be incorporated into the model. Differ-
ence in survival ϕ between male and female sharks
was assessed by modelling constant (.) and annual
time varying (t) survival probability between the 3 pri-
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mary periods both with and without sex (g) effects:
ϕ(g), ϕ(.), ϕ(t), ϕ(g+t ).

Temporary emigration (γ) may negatively bias sur-
vival and capture probabilities and introduce positive
bias into abundance estimates (Williams et al. 2002).
The extent that temporary emigration among primary
sampling periods influenced the estimate of population
size was assessed through 3 models: (1) no temporary
emigration γ(0); (2) random temporary emigration
γ(Ran); and (3) random temporary emigration with sex
effect γ(g+Ran).

Effects on capture probability due to sex, survey
effort and individual heterogeneity were assessed
using the method of Bradford et al. (2006). Specifically,
survey effort was incorporated into the model as a
time-covariate, efficiency (Eff), as the number of sur-
vey dives conducted per month. Capture heterogene-
ity can arise if some individuals spend more time in the
study area within a secondary sample (month) than
others and are therefore more likely to be sighted
(Buckland 1990). Individual zebra sharks were sighted
within sampling months between 1 and 5 times. To
account for this variation an individual covariate, resi-
dency (Res), was calculated for each zebra shark as:
the number of survey dives in a given month that an
individual is observed divided by the mean number of
survey dives in that month of all individuals that were
observed, averaged across all months in which the
individual shark was observed. Trends over time (T )
were also assessed where support for models incorpo-
rating (T ) indicated an increase in recapture probabil-
ity over time due to increased observer experience.
Eighteen capture probability models combining va-
riation in sex (g), time constrained (.) or varying by
secondary samples (t), trend over time (T ), survey
effort (Eff ) and residency (Res) were assessed. In total,
63 different models combining the survival, temporary
emigration and capture probability models were fitted
with the logit link function for all parameters. Not all
combinations of the temporary emigration parameters
were possible and these models were not included
in the final list. The most parsimonious model,
ϕ(.)λ(g+t)p(g+t), was also modelled incorporating the
parameter λ, the population rate of change, with the
Pradel model in the robust design, where λ < 0 indi-
cates a decrease, λ = 0 indicates stasis and λ > 0 indi-
cates an increase in population size (Pradel 1996).

To assess potential violation of the closure assump-
tion within the primary periods, we applied the JS
open population model, collapsing the data over the
3 primary periods. The JS modelling was implemented
in program MARK v. 4.3 (White & Burnham 1999)
using the POPAN option (Schwarz & Arnason 1996).
Four variations on apparent survival were modelled as
for the robust design: ϕ(g), ϕ(.), ϕ(t), ϕ(g+t). Recapture

probability was modelled as a constant variable with
and without sex effect, p(g) and p(.), respectively, to
eliminate any confounding in the estimation of survival
and abundance parameters (Schwarz & Arnason 1996).
The probability of entry (β) was modelled as time vari-
ant without sex effect. In total, 8 models were fitted
using the logit link function for ϕ and p, the identity
link function for abundance (Ñ), and the multinomial
logit link function for β. The assumptions of the JS
model are as for the robust design though the popula-
tion is demographically open between sampling peri-
ods and sampling is considered to be instantaneous
(Pollock et al. 1990). Further, to assess potential bias in
survival estimates due to inestimable or poorly esti-
mated parameters in the robust design, the 4 variations
on apparent survival ϕ for the 3 yr collapsed data set
were also modelled with the simplified CJS model
(Cormack 1964, Jolly 1965, Seber 1965). Recapture
probability was modelled as time variant with sex
effect p(g+t).

Model support was assessed using Akaike’s informa-
tion criterion for small samples (AICc). Final popula-
tion size and survival parameter estimates were ob-
tained by model averaging to include model variation
into the precision of the estimates, and relative vari-
able importance was assessed by summing the Akaike
weights (AICc) across the model set (Burnham &
Anderson 2002).

RESULTS

Photo-ID and confirmation

In total, 570 photographs of 327 individual sharks
were taken during the course of the study. The maxi-
mum number of individual sharks observed on any 1 d
was 34 (8 ± 8, mean ± SE). In total, 115 sharks were
recaptured on up to 10 sampling days throughout the
study (2.90 ± 0.14 sampling days). Within the austral
summer seasons, sharks were captured up to 7 times
(1.57 ± 0.06 sampling days). The mean recapture dura-
tion for within seasons was 33 d (± 30) with the longest
duration between first and last capture of 136 d. A total
of 236 individual sharks were sighted in only 1 season,
while 79 were sighted in 2 seasons and 8 sighted in all
3 seasons.

There was no ambiguity with matching photographs
by eye; all marks on the lateral flank and dorsal fin
were matched before a photograph was considered a
definite re-sight. Of the photographed sharks, 95 had
numerically coded dart-tags. The numbers on 15 dart-
tags were read (3 while on the shark and 12 after being
removed) to confirm photographic matches between
354 and 810 d post-tag deployment (see Fig. 2). We
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were able to match photographs taken in this study of
one male fin-tagged shark with the archival photo-
graph from December 2000 spanning 1469 d (4 yr).
Further, another 24 sharks with dart-tags were
matched by photographs between 7 and 772 d post
deployment (Fig. 3). However, due to fouling on these
tags, the numbers were not read for confirmation,
though the pigmentation patterns showed clear and
unambiguous matches between the photographs. It
was possible to match photographs to all re-sighted
sharks with dart-tags. There were 8 confirmed dart-tag
losses where individuals were matched by photo-ID.
Of these, sharks were sighted with tags missing
between 53 and 744 d post-deployment. The duration
of tag retention before shedding is unknown. After the
tagging event, 48 (51%) of the dart-tagged sharks
were not sighted again. This is unlikely to be a reaction
to dart-tagging as 65% of the sharks identified solely
through photo-ID from the first 2 seasons were also not
sighted again during the third season of the study.

Size distribution

TL of 79 zebra sharks (28 males and 51 females)
pooled across the 3 sampling seasons was measured
from photographs. It was not possible to measure TL
for the rest of the sharks due to either the shark moving
before the dorsal photograph could be taken, or if
the angle of the photograph was too skewed. Sharks
ranged from 1875 to 2460 mm in TL and there was no
significant difference between the sexes (2-tailed
t-test: t = –0.5, df = 60, p = 0.618) (Fig. 4). Of the 65 ze-
bra sharks measured from the second and third field
season, 12 were sighted in a previous field season and
53 were sighted for the first time. There was no evi-
dence of smaller recruits entering the population as the
re-sighted animals were found to be significantly

smaller, though this is likely due to differences in
sample size (1-tailed t-test: t = 2.51, df = 26, p = 0.009).
For 5 sharks there was approximately 2.4% variation
from average TL for within-season photographs (n = 5,
50 ± 38 mm, mean ± SE), 5.7% variation from the aver-
age TL from among season photographs (n = 7, 118 ±
85 mm), and 4.8% variation between the tape measure
and photograph TL estimates (n = 5, 101 ± 102 mm).
This level of variation suggests that photographic mea-
surement is sufficient for estimating TL in wild zebra
sharks though may not be precise enough for investi-
gating small increments in growth.

Sex ratio

In total, 86 male and 241 female zebra sharks were
identified by photo-ID resulting in an overall female
bias of 2.8:1. The overall sex ratio based on the popula-
tion size estimates from the mark-recapture modelling
for 2005-06 also supported a female bias of 3.8:1. The
GLM analysis showed that Month had the greatest
effect of the sex-ratio probability while Year was not
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Table 1. Stegostoma fasciatum. GLM analysis of fixed effects
Year and Month on observed sex-ratio probability. df = de-
grees of freedom; ΔDeviance = additional amount of variation
explained by adding the effect into the model (comparative
model in brackets); p = significance of the chi-sq test, with 

comparative model in brackets

Model df Deviance ΔDeviance p (χ2)

Null 11 55.55 –
(1) + Year 10 53.88 1.67 (null) 0.20 (null)
(2) + Month 8 13.14 42.41 (null) 0.00 (null)
(3) + Month +Year 7 9.63 3.51 (2) 0.06 (2)
(4) + Month × Year 4 2.98 6.65 (3) 0.08 (3)
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significant, nor was there a significant interaction
effect (Table 1). A post-hoc Tukey’s test showed that
the Month effect was due to November, which was
male biased, while December, January and February
were all female biased (Fig. 5), and the absence of the
interaction effect suggests that this pattern was consis-
tent across the 3 yr.

Abundance estimates and population modelling

The robust design model list comprised 63 models of
which 17 models demonstrated information-theoretic
support (Table 2: sum of AICc weights = 1; complete
list in Appendix 1). There was little variation attribut-
able to model selection for male and female population
estimates for the primary periods (0.19 to 2.64%)
(Table 3). With the exception of the male estimates
for the period 2003-04, the population
estimates decreased over time. Further,
the confidence intervals narrowed over
time, indicating more stability and pre-
cision in the estimates. The population
rate of change parameter λ indicated
an increase in population size for both
males and females between the first
and second primary sampling periods
during 2004, and then stability in popu-
lation size between the second and
third primary sampling periods during
2005 (male 2004: λ = 1.71, ± 0.45 [SE];
male 2005: λ = 0.98, ± 0.16; female
2004: λ = 1.71 ± 0.45; female 2005: λ =
0.76 ± 0.13). Based on the final primary
sampling period 2005-06 and averag-
ing over the 17 models, the population
estimates for males and females
(respectively) forming the aggregation
at The Group each year were 96 (± 17,
95%, CI = 62–130) and 368 (± 62, 95%,
CI = 245–490). The JS model list
comprised 8 models all demonstrating
information-theoretic support (Table 2).
Mean population estimates spanning
2003 to 2006 for both male and female
zebra sharks are greater than for the
annual robust design estimates: 125
(± 15, 95% CI = 95–153) and 469 (± 46,
95% CI = 379–559), respectively. The
JS male and female estimates had
higher variation attributable to model
selection than the robust design: 28.3%
and 8.76%, respectively.

Models incorporating time constant
and equal survival probability between
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Table 2. Stegostoma fasciatum. Comparison of models from the robust design
(RD: n = 17), Jolly-Seber (JS: n = 8) and Cormack-Jolly-Seber (CJS; n = 4) models
used to estimate abundance and survival parameters, AICc = Akaike informa-
tion criterion for small samples; delta AICc = difference in the AICc of a model
from the minimum AICc model; AICc weight = Akaike weight used in model
averaging; ϕ = apparent survival; γ = temporary emigration; p = capture proba-
bility; (.) = time constant; t = time varying by secondary sample; g = sex; Ran =
random temporary emigration; 0 = no temporary emigration; Res = residency; 

β = probability of entry 

Analysis Model AICc Delta AICc No. para-
AICc weight meters

RD ϕ(.)γ(0)p(g+t) 1730.38 0.00 0.36678 16
ϕ(g)γ(0)p(g+t) 1732.40 2.02 0.13369 17
ϕ(.)γ(Ran)p(g+t) 1732.48 2.10 0.12819 17
ϕ(t)γ(0)p(g+t) 1732.48 2.10 0.12813 17
ϕ(g+t)γ(0)p(g+t) 1734.42 4.04 0.04858 18
ϕ(g)γ(Ran)p(g+t) 1734.50 4.12 0.04667 18
ϕ(.)γ(0)p(g+t+Res) 1734.58 4.20 0.04500 19
ϕ(.)γ(g+Ran)p(g+t) 1734.61 4.23 0.04428 18
ϕ(g)γ(0)p(g+t+Res) 1736.43 6.05 0.01782 20
ϕ(t)γ(0)p(g+t+Res) 1736.54 6.16 0.01688 20
ϕ(g)γ(g+Ran)p(g+t) 1736.63 6.25 0.01610 19
ϕ(g+t)γ(0)p(g+t+Res) 1738.44 8.06 0.00651 21
ϕ(.)γ(0)p(t) 1742.91 12.53 0.00070 13
ϕ(t)γ(0)p(t) 1744.67 14.28 0.00029 14
ϕ(.)γ(Ran)p(t) 1745.02 14.64 0.00024 14
ϕ(.)γ(0)p(t+Res) 1746.99 16.60 0.00009 16
ϕ(t)γ(0)p(t+Res) 1748.82 18.44 0.00004 17

JS ϕ(.)β(t)p(g) 452.66 0.00 0.28207 7
ϕ(t)β(t)p(g) 452.95 0.29 0.24395 8
ϕ(g)β(t)p(g) 454.03 1.37 0.14207 8
ϕ(g+t)β(t)p(g) 454.55 1.90 0.10928 10
ϕ(g)β(t)p(.) 454.67 2.01 0.10304 7
ϕ(g+t)β(t)p(.) 455.48 2.82 0.06882 9
ϕ(t)β(t)p(.) 457.17 4.51 0.02952 7
ϕ(.)β(t)p(.) 457.83 5.17 0.02125 6

CJS ϕ(.)p(g+t) 405.99 0.00 0.46408 4
ϕ(g+t)p(g+t) 407.77 1.78 0.19067 5
ϕ(t)p(g+t) 407.96 1.97 0.17313 5
ϕ(g)p(g+t) 407.96 1.98 0.17212 5
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the sexes were well supported in the robust design
model selection (Table 2: sum of Akaike weights for
ϕ(.) = 0.582). Both male and female zebra sharks
showed high survival probabilities and the weighted
average estimates, respectively, were 0.888 (± 0.105
[SE], 95% CI = 0.497–0.984, % variation attributable to
model = 3.11) and 0.871 (± 0.099, 95% CI =
0.544–0.975, % variation attributable to model = 0.15).

Time constant and equal survival probability be-
tween the sexes was also supported by the CJS model
selection (Table 2: Akaike weight for ϕ(.) = 0.464) and
the weighted survival estimates were similar to those
of the robust design (male: ϕ = 0.866 ± 0.143, 95% CI =
0.364–0.987, % variation attributable to model = 1.33;
female: ϕ = 0.892 ± 0.139, 95% CI = 0.326–0.992,
% variation attributable to model = 1.47).

Models incorporating no temporary emigration be-
tween primary periods had more support than either
random temporary emigration with or without group
effect (Table 2: sum of Akaike weights for γ(0) = 0.706;
γ(Ran) = 0.219; γ(g+Ran) = 0.076).

Variation in capture probability by secondary sam-
ples was supported by all of the 17 robust design’s
most parsimonious models. This may be largely attrib-
utable to the low numbers of zebra sharks encountered
during November of each season and also to the ab-
sence of male sharks in December 2003 and female
sharks in November 2005 (Fig. 6). Difference in cap-
ture probability between male and female zebra
sharks was very well supported (Table 2: sum of
Akaike weights = 0.999). Male sharks tended to have
greater capture probabilities than female sharks.
Based on the weighted averages for population size in
2005 to 2006 (Table 3) approximately 88% of male
zebra sharks visiting The Group had been tagged as
opposed to 67% of females. Individual sharks were
sighted between 1 and 5 times within a month, how-

ever there was little support for varia-
tion in capture probability due to this
individual heterogeneity, Res (Table 2:
sum of Akaike weights = 0.041). There
was no support for variation in capture
probability due to survey effort, Eff,
though monthly survey effort varied
between 4 and 25 surveys, nor were
linear trends in capture probability
supported, suggesting reasonably con-
sistent observer ability.

DISCUSSION

Population description

Here we present the first empirical
abundance estimates of an aggregation of zebra
sharks. Our mark-recapture assessments estimated
458 individuals (robust design: 95% CI = 298–618) vis-
iting The Group over the last survey year. This esti-
mate is considerably larger than for zebra shark aggre-
gations of 20 to 50 individuals as suggested in the
literature (Pillans & Simpfendorfer 2003). It is likely
that these published estimates are of sharks seen at
any one time and are more comparable to the daily
counts of up to 34 individuals that we obtained. This
raises the question as to the extent of the aggregation
at The Group in space and time. Individual zebra
sharks were observed up to 136 d later within the same
survey season and the much smaller numbers of zebra
sharks at neighbouring reefs (within 4 km radius) sug-
gests that The Group is likely to be the core area of a
larger aggregation site that the zebra sharks are mov-
ing in and out of during the austral summer aggrega-
tion season.
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Table 3. Stegostoma fasciatum. Population abundance estimates of female and
male zebra sharks; weighted averages across 17 robust design (RD) models and
8 Jolly-Seber (JS) models. Unconditional SE = standard error estimate that is not
conditional on a particular model; 95% CI = confidence intervals for the
weighted average estimates based on the logit transformation; % Variation = 

variation in the estimate attributable to the model uncertainty

Sex Analysis Year Weighted Uncond. 95% CI % 
average SE (Weighted Variation

average)

Male RD 2003-04 35.99 7.80 20.69–51.29 2.42
2004-05 117.45 25.16 68.13–166.77 0.93
2005-06 95.91 17.45 61.70–130.12 2.28

JS 2003-06 123.90 14.90 94.70–153.11 28.30

Female RD 2003-04 398.92 158.50 88.28–709.56 0.19
2004-05 387.92 79.19 232.71–543.14 1.67
2005-06 367.72 62.45 245.32–490.11 2.64

JS 2003-06 469.04 46.06 378.75–559.33 8.76
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Fig. 6. Stegostoma fasciatum. Male (f) and female (j) capture
probabilities with SE for secondary sampling occasions, taken
from the best fit model ϕ(.)γ(0)p(g+t); N = November, D = De-

cember, J = January, F = February
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Zebra sharks in Australian waters are not exploited
(Pillans & Simpfendorfer 2003) and the patterns of
population growth and stability of the population
estimates between the first and second primary
periods and second and third primary periods
respectively, may reflect this. However, this initial
pattern of population growth may also be an effect
of increased observer ability (Dinsmore et al. 2005)
and would need to be qualified by extending the
study longitudinally. The absence of temporary
emigration among primary periods indicates that
individuals are returning to the aggregation site
annually and that this pattern is the same for both
sexes. Population size and dynamics at other aggre-
gation sites for this species have not yet been
assessed. However, populations that are continually
exploited are more likely to show a decrease in pop-
ulation size over time. Predictable aggregations may
be of particular conservation concern as fishing can
rapidly remove large numbers of the population,
especially if the aggregations comprise a greater
proportion of the population than thought (Sadovy
& Domeier 2005).

Mark-recapture methods have been used to esti-
mate population size in other shark aggregations
including hammerhead sharks Sphyrna lewini
(Clarke 1971), whale sharks (Meekan et al. 2006),
nurse sharks (Castro & Rosa 2005), white sharks (Cliff
et al. 1996) and horn sharks Heterodontus portusjack-
soni (McLaughlin & O’Gower 1971). With the excep-
tion of the juvenile hammerhead sharks whose popu-
lation estimates numbered in the order of thousands
(Clarke 1971), the remaining estimates are compara-
ble to the zebra shark estimates in the order of a few
to several hundred individuals. Caution must be
taken when comparing aggregation sizes however as
various factors must be taken into account, including
the geographic extent from which a particular aggre-
gation site draws individuals, as well as its function,
which in turn relates to the ecological niche of the
species and life-history stages comprising the aggre-
gation.

Many sharks display migratory behaviour and con-
ventional tagging studies on coastal demersal shark
species have revealed movements of hundreds of km
(e.g. horn shark 400 km, McLaughlin & O’Gower 1971;
lemon shark 426 km, nurse shark 541 km, Kohler &
Turner 2001). Zebra sharks are likely to travel similar
distances, as 2 zebra sharks with dart-tags inserted
during this study have been sighted at Julian Rocks in
New South Wales, 140 km south of the primary study
site (S. Hartley pers. comm.). Further, adult zebra
sharks have been sighted occasionally at Osprey Reef,
an isolated sea mount in the Coral Sea (R. Fitzpatrick
pers. comm.), indicating that although they prefer shal-

low coastal environments, they do move into pelagic
waters.

Many shark species segregate by size and sex. The
zebra sharks comprising this aggregation appear to
be all reproductively mature adults as TL ranged
from 1875 to 2460 mm and zebra sharks reach sexual
maturity at TLs between 1470 and 1830 mm for males
and 1690 and 1717 mm for females (Compagno 2002).
Klimley’s (1987) sexual dimorphism hypothesis pre-
dicts that oviparous species, such as the zebra shark,
do not have sexual dimorphism in body size and our
TL data for male and female zebra sharks supports
this. We found an overall female bias in the aggrega-
tion, though the sex bias changed temporally with
more males at the beginning of the aggregation sea-
son, reversing to a female bias for the duration. Simi-
lar temporal changes in sex ratio have been found in
the demersal horn shark and nurse shark and have
been associated with the breeding season (McLaugh-
lin & O’Gower 1971, Castro & Rosa 2005). On 2 occa-
sions we observed possible pre-copulatory following
behaviour (Gordon 1993), where a male was closely
following a female while slowly swimming around
the site. Further, we found that male zebra sharks
had higher recapture probabilities than females
which may indicate greater philopatry in males.
Philopatry has been observed in other shark species
though has generally been more biased towards the
female sex, particularly in species that utilise nursery
areas (see Hueter et al. 2005). Pratt & Carrier (2001),
however, found male nurse sharks showed greater
philopatry than females as males returned annually
to a mating area while females returned biennially
during the mating season. However we did not ob-
serve any copulation events or other signs of mating
behaviour and further studies would be needed to
ascertain if this aggregation facilitates reproduction
in zebra sharks.

All our observations of zebra sharks were conducted
in daylight hours and the sharks were either resting
on the substratum or swimming slowly in mid-water
around the aggregation site. Zebra sharks are consid-
ered nocturnal feeders (Compagno 2002), and forma-
tion of groups that take refuge in a small core area dur-
ing daylight hours, then disperse for foraging in larger
areas at dusk and night, is common in sharks (Klimley
& Nelson 1984, Economakis & Lobel 1998, Sims et al.
2005). This group formation may be an anti-predatory
tactic while resting (Semeniuk & Dill 2005); it may
facilitate social interaction and/or the location may act
as a geographic landmark from which to forage (Klim-
ley & Nelson 1984). Further research including locali-
sed movement, diet analyses and analysis of the repro-
ductive cycle and mating is required to understand the
function of this aggregation.
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Assumptions of mark-recapture models

Photo-ID validation

In this study we successfully used photo-ID of natural
markings on adult zebra sharks to estimate population
parameters with mark-recapture methods. Mark-re-
capture methods assume that markings are unique and
do not change over time (Pollock et al. 1990). The use of
conventional tagging combined with photo-ID showed
that natural marks are unique to individuals and persist
for at least 4 yr in this population of wild adult zebra
sharks. The zebra sharks aggregating at The Group are
all large spotted adults that have most likely completed
their ontogenetic pigment changes from the striped ju-
venile phase. As in whale sharks, adult zebra sharks
are highly patterned (Meekan et al. 2006) and an incre-
mental loss of a small number of spots is unlikely to
cause difficulty with individual identification. The sole
use of conventional dart-tags, however, was problem-
atic. We found heavy fouling on the dart-tags after only
a few months of deployment making it difficult to read
the tag number in situ without restraining the shark or
removing the tag. Further, we found an approximate
17% dart-tag loss over the duration of the study (up to
744 d). Although this degree of dart-tag loss is smaller
than for some other shark species (e.g. Xiao et al. 1999;
school shark Galeorhinus galeus 41% per year,
gummy shark Mustelus antarticus 63% per year), tag
shedding may lead to an overestimation in population
abundance. It is unknown whether pigmentation pat-
terns will remain constant for longer durations and only
through monitoring tagged animals in the wild will we
be able to assess the use of photo-ID methods extend-
ing beyond the duration of this 3 yr study.

Survival rates constant between individuals

Both robust design and JS models assume all indi-
viduals within each sex have equal survival probabili-
ties. This assumption is unlikely to be violated as mor-
tality rates tend to be low for adult sharks as most
predation occurs at the smaller juvenile stages (Cortés
2004). Throughout the study there was evidence of
only one attempted predation event, where a female
shark was observed with a larger heterospecific shark-
bite scar on her abdomen. There is currently no known
information on predation on adult zebra sharks.

Closure assumption

The robust design assumes that the population
remains demographically closed within the annual pri-

mary periods. Additions and deletions due to births
and deaths are highly unlikely as no juveniles were
sighted at any time and survival rates were high be-
tween primary periods, with multiple individuals being
repeatedly sighted among both primary and secondary
periods. The closure assumption also requires the pop-
ulation to be closed to immigration and emigration
within the primary periods, and this is likely to have
been violated as at any one time the number of zebra
sharks at The Group was smaller than the total number
calculated visiting The Group over the annual aggre-
gation season. However the assumption can be relaxed
if there is no overall net change to the population dur-
ing the closure period: i.e. if movement into and out of
the study area occurs randomly, the estimates should
not be biased (Kendall 1999). Preliminary data from
acoustic tagging of zebra sharks over the aggregation
period show random movement into and out of The
Group, supporting this closure assumption (unpubl.
data), though the temporal change in sex-ratio, indi-
cating that males arrive before females during the
aggregation period, suggest otherwise. To assess the
potential resulting bias we also modelled abundance
with the JS model which relaxes the closure assump-
tion. The mean abundance estimates for the JS model
were larger than those for the robust design, though
the error margins and 95% confidence intervals over-
lap indicting minimal bias in the estimates.

Model performance and comparison of open 
and closed models

The estimates between the robust design and JS
models are not directly comparable as the JS model
requires the data to be pooled over the primary peri-
ods, and assumes that sampling is instantaneous (Pol-
lock et al. 1990), which is highly likely to be violated in
this case as sampling occurred during a 4 to 6 mo
period. Further, there was strong support in the robust
design that capture probabilities varied by secondary
sample; however, it was not possible to model time
variant capture probabilities in the JS model due to
inestimable parameters. As such, survey effort could
not be incorporated into the JS model and as individual
covariates also cannot be modelled (White & Burnham
1999), the JS model set was much smaller and the
abundance estimates contained greater variation due
to the model than for the robust design. When the
assumptions are met or violation of assumptions does
not result in bias, the robust design is the preferable
model as there is less confounding in parameter
estimation, data are maximised through the use of
more time intervals, time covariates as well as individ-
ual covariates. To minimise violations of the closure
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assumption within the robust design, further informa-
tion on the extent of movement of individual zebra
sharks outside of the study area during the aggrega-
tion period would be informative for re-designing the
experiment with respect to sampling interval and loca-
tion. Such information could be obtained through
satellite telemetry and more extensive mark-recapture
surveys at regional locations.

In summary, we have presented the first abundance
estimates for an aggregation of zebra sharks. While the
aggregation is biased towards females and partly sex-
ually segregated temporally, the role and significance
of this aggregation is not known. Indeed, apart from
some data on species range, little is known about pop-
ulation structure or individual movements for this spe-
cies in Australia and globally. In addition to describing
a local aggregation, this study provides validation of
photo-ID as a research tool that can be used to extend
the current study temporally and spatially to further
explore the ecology of this species. Furthermore, pre-
dictable visitation of large, presumably mature indi-
viduals to the site raises conservation concerns if
aggregations of similar size and structure occur in
regions where zebra sharks are fished.
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Appendix 1. Stegostoma fasciatum. Complete list of 63 robust design models. AICc = Akaike information criterion for small sam-
ples; delta AICc = difference in the AICc of a model from the minimum AICc model; AICc weight = Akaike weight used in model
averaging; ϕ = apparent survival; γ = temporary emigration; p = capture probability; (.) = time constant; t = time varying by
secondary sample; g = sex; Ran = random temporary emigration; 0 = no temporary emigration; Res = residency; Eff = efficiency; 

T = trend over time by secondary sample

Model AICc Delta AICc AICc weight No. parameters

ϕ(.)γ(0)p(g+t) 1730.38 0.00 0.36678 16
ϕ(g)γ(0)p(g+t) 1732.40 2.02 0.13369 17
ϕ(.)γ(Ran)p(g+t) 1732.48 2.10 0.12819 17
ϕ(t)γ(0)p(g+t) 1732.48 2.10 0.12813 17
ϕ(g+t)γ(0)p(g+t) 1734.42 4.04 0.04858 18
ϕ(g)γ(Ran)p(g+t) 1734.50 4.12 0.04667 18
ϕ(.)γ(0)p(g+t+Res) 1734.58 4.20 0.04500 19
ϕ(.)γ(g+Ran)p(g+t) 1734.61 4.23 0.04428 18
ϕ(g)γ(0)p(g+t+Res) 1736.43 6.05 0.01782 20
ϕ(t)γ(0)p(g+t+Res) 1736.54 6.16 0.01688 20
ϕ(g)γ(g+Ran)p(g+t) 1736.63 6.25 0.01610 19
ϕ(g+t)γ(0)p(g+t+Res) 1738.44 8.06 0.00651 21
ϕ(.)γ(0)p(t) 1742.91 12.53 0.00070 13
ϕ(t)γ(0)p(t) 1744.67 14.28 0.00029 14
ϕ(.)γ(Ran)p(t) 1745.02 14.64 0.00024 14
ϕ(.)γ(0)p(t+Res) 1746.99 16.60 0.00009 16
ϕ(t)γ(0)p(t+Res) 1748.82 18.44 0.00004 17
ϕ(.)γ(0)p(g+Eff+Res) 1891.59 161.21 0.00000 5
ϕ(.)γ(0)p(g+T+Eff+Res) 1892.37 161.99 0.00000 6
ϕ(t)γ(0)p(g+Eff+Res) 1893.01 162.63 0.00000 6
ϕ(g)γ(0)p(g+Eff+Res) 1893.64 163.26 0.00000 6
ϕ(t)γ(0)p(g+T+Eff+Res) 1894.31 163.93 0.00000 7
ϕ(g)γ(0)p(g+T+Eff+Res) 1894.42 164.04 0.00000 7
ϕ(g+t)γ(0)p(g+Eff+Res) 1895.06 164.68 0.00000 7
ϕ(g+t)γ(0)p(g+T+Eff+Res) 1896.37 165.99 0.00000 8
ϕ(.)γ(0)p(g+Eff) 1900.87 170.49 0.00000 4
ϕ(.)γ(0)p(g+T+Eff) 1901.55 171.17 0.00000 5
ϕ(t)γ(0)p(g+Eff) 1902.60 172.22 0.00000 5
ϕ(.)γ(Ran)p(g+Eff) 1902.88 172.50 0.00000 5
ϕ(g)γ(0)p(g+Eff) 1902.89 172.51 0.00000 5
ϕ(g)γ(0)p(g+T+Eff) 1903.59 173.21 0.00000 6
ϕ(t)γ(0)p(g+T+Eff) 1903.60 173.22 0.00000 6
ϕ(g+t)γ(0)p(g+Eff) 1904.61 174.23 0.00000 6
ϕ(g)γ(Ran)p(g+Eff) 1904.91 174.53 0.00000 6
ϕ(g+t)γ(0)p(g+T+Eff) 1905.65 175.27 0.00000 7
ϕ(.)γ(0)p(Eff+Res) 1905.81 175.43 0.00000 4
ϕ(.)γ(0)p(T+Eff+Res) 1905.95 175.56 0.00000 5
ϕ(t)γ(0)p(Eff+Res) 1906.79 176.41 0.00000 5
ϕ(g)γ(g+Ran)p(g+Eff) 1907.18 176.80 0.00000 7
ϕ(g+t)γ(Ran)p(g+Eff) 1907.19 176.81 0.00000 7
ϕ(t)γ(0)p(T+Eff+Res) 1907.74 177.35 0.00000 6
ϕ(g+t)γ(g+Ran)p(g+Eff) 1909.25 178.87 0.00000 8
ϕ(.)γ(0)p(Eff) 1914.83 184.45 0.00000 3
ϕ(.)γ(0)p(T+Eff) 1914.94 184.56 0.00000 4
ϕ(t)γ(0)p(Eff) 1915.83 185.45 0.00000 4
ϕ(t)γ(0)p(T+Eff) 1916.79 186.41 0.00000 5
ϕ(.)γ(0)p(g+T+Res) 1929.27 198.89 0.00000 5
ϕ(t)γ(0)p(g+T+Res) 1930.44 200.06 0.00000 6
ϕ(g)γ(0)p(g+T+Res) 1931.30 200.92 0.00000 6
ϕ(g)γ(0)p(T+Res) 1937.77 207.39 0.00000 5
ϕ(.)γ(0)p(g+T) 1938.05 207.67 0.00000 4
ϕ(t)γ(0)p(g+T) 1938.49 208.11 0.00000 5
ϕ(g+t)γ(0)p(T+Res) 1939.26 208.88 0.00000 6
ϕ(g)γ(0)p(g+T) 1940.08 209.70 0.00000 5
ϕ(.)γ(0)p(T+Res) 1941.59 211.21 0.00000 4
ϕ(t)γ(0)p(T+Res) 1943.16 212.77 0.00000 5
ϕ(g)γ(0)p(T) 1946.87 216.49 0.00000 4
ϕ(g+t)γ(0)p(T) 1948.29 217.91 0.00000 5
ϕ(.)γ(0)p(T) 1950.42 220.04 0.00000 3
ϕ(t)γ(0)p(T) 1951.69 221.31 0.00000 4
ϕ(.)γ(0)p(g+Res) 1969.15 238.77 0.00000 4
ϕ(g)γ(0)p(g+Res) 1971.12 240.74 0.00000 5
ϕ(.)γ(0)p(Res) 1982.81 252.43 0.00000 2
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