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ABSTRACT: We used photo-identification to produce estimates of population size and structure of
whale sharks Rhincodon typus at Ningaloo Reef, Western Australia. We analysed photographs of
whale sharks taken from 1992 to 2004. A combination of spot and stripe patterns behind the last gill
slit and forward of the dorsal fin (lateral view), and distinctive scars and marks on the body and fins
were useful for identifying individual sharks. These patterns appeared to be unique to individuals
and distinctive markings could be recognized on some sharks for more than a decade. From 581
photographs, 159 individuals were identified. Of these, 74 % were male, 16 % were female and 10 %
were of indeterminate gender. Photographed sharks ranged in estimated size from 3 to 10 m total
length (TL). The size distribution of sharks was bimodal with a large peak at 8 m and a smaller peak
at 6 m TL. Sixty individuals were resighted during the study. Of these, 46 were resighted at different
times during the same year (sometimes on multiple occasions) up to 4 mo after they were initially
photographed, and 33 were resighted (4 on >2 occasions) in different years. The interval between
inter-annual resightings was typically 1 to 3 yr; however, 2 sharks were resighted after a period of
12 yr. We estimated the super population of whale sharks that visit Ningaloo Reef to consist of
approximately 300 to 500 individuals (95 % confidence interval) based on closed population models, or
320 to 440 based on Jolly-Seber open-population models. Our study shows that photo-identification
offers a practical, non-invasive and non-destructive means to obtain data on the population size and
demography of whale sharks.
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INTRODUCTION

The world's largest fish, the whale shark Rhincodon
typus, is also one of the least-known shark species. At
present even basic information such as population size,
structure and demography of these animals is lacking.
Whale sharks inhabit tropical waters worldwide (Col-
man 1997), and at a few localities, predictable aggre-
gations occur where they support lucrative eco-tourism
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(snorkelling and diving) industries. In other locations,
whale shark aggregations are fished to supply meat to
Taiwan and fins to markets throughout Southeast Asia.
The growing affluence of Asia has led to an increasing
demand for whale shark products, stimulating effort in
traditional fisheries and the development of new fish-
eries in places such as India during the 1990s (CITES
2002). Although many countries, including India, have
now implemented legislation that forbids their capture,
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catch statistics and anecdotal reports suggest that the
status of whale shark population throughout the Indo-
Pacific is declining (CITES 2002).

It is unlikely that whale sharks can tolerate intensive
fishing pressure because they are thought to share the
typical elasmobranch life-history patterns of slow
growth and late maturity (Colman 1997). Whale sharks
may not reach sexual maturity until 35 to 50 yr of age
and may live to 100 yr based on conservative estimates
(Colman 1997, Wintner 2000). If these estimates are
correct, population reduction due to over fishing is
likely and recovery will be slow. Additionally, recent
studies have shown that the species is highly migra-
tory, with some individuals travelling thousands of
kilometres across oceans (Eckert et al. 2002). The
effects of over fishing in one part of the species range
may thus be manifested in populations at other locali-
ties where the animals are protected from exploitation.

To determine the conservation status of whale sharks
and to maintain the ecotourism industries that these
animals support, basic information on the population
size and life-history traits is urgently required. This is
difficult to obtain from fishery data due to rapidly
declining catches and the illegality of the shark harvest
in many countries (CITES 2002). However, mark-
recapture studies provide an alternative, non-
destructive means to generate estimates of these para-
meters (Lebreton et al. 1992, Nichols 1992). Such tech-
niques require the identification of individuals within a
population so that they can be recognized when recap-
tured or resighted at a later date. Generally, this is
done by capturing a study animal and attaching or
inserting a tag for individual identification. In the case
of whale sharks, it is logistically impossible to restrain
study animals and in many countries there are ethical
or legal restrictions that forbid this treatment. Tags
have been attached to unrestrained animals using pole
spears; however, rates of tag retention are often low,
making this method unsuitable for long-term (=1 yr)
studies (D. Rowat pers. comm.).

Photo-identification techniques have been used to
overcome similar problems in mark-recapture studies
of other marine fauna such as cetaceans (reviewed by
Wirsig & Jefferson 1990). In this approach, photo-
graphs are taken of distinctive parts of an animal (often
the shape of trailing edges and pigmentation of fins)
that permit individual identification when observed
again. This technique has been used to generate esti-
mates of population size, movement patterns, group
structure, and demographic variables such as age at
sexual maturity, life span and survival rates for many
marine species (Hamilton et al. 1998, Chaloupka et al.
1999, Forcada et al. 1999, Stevick et al. 2001, Kendall
et al. 2003, Mizroch et al. 2004, Castro & Rosa 2005).
Additionally, data concerning growth rates have also

been collected with photo-identification through the
use of photo-grammetry (Koski et al. 1992). This in-
volves measuring the animal with either stereo-
photography or photographing objects such as divers
at a known height and a distance from the animal
(Wiirsig & Jefferson 1990).

Here, we examine the use of photo-identification as
a means to estimate population size and structure of
whale sharks at Ningaloo Reef, Western Australia.
Whale sharks aggregate predictably at this locality
from March to June each year (Taylor 1996, Wilson et
al. 2001), a phenomenon that is the basis of an eco-
tourism industry of great importance to the local eco-
nomy of the region (Davis et al. 1997, Davis 1998).
Observers have taken photographs of individual
sharks participating in the aggregation for the last
12 yr (1992 to 1996, 2002 to 2004) and these photo-
graphs now form a library for photo-identification
studies.

MATERIALS AND METHODS

Photographs and measurements. A total of 581 pho-
tographs were taken of whale sharks between March
and July from 1992 to 2004 by the authors and various
ecotourism operators. Photographs were taken using
an underwater still camera or digital video camera
while snorkelling with the animal. Still images of
sharks were captured from videotape for analysis.
Total length (TL—tip of snout to end of caudal fin)
and dorsal fin height (DFH) were recorded using a
measuring tape after animals were photographed. The
sizes of animals photographed from ecotourism opera-
tions in 2004 were estimated based on the known
lengths of snorkelers swimming alongside animals. In
a few cases these size estimates were validated using
a tape measure.

To convert measurements of DFH to TL, we calcu-
lated a least-squares linear regression (TL = a + b X
DFH) to provide a predictive equation and used the r?
as a measure of the model's structural goodness-of-fit.
We examined the evidence for a linear relationship
between TL and DFH based on Akaike's Information
Criterion (Akaike 1973) corrected for small sample size
(AIC,) (Lebreton et al. 1992). The information-theoretic
evidence ratio (ER, an index of the likelihood of one
model over another, calculated as the AIC. weight (w)
of the slope model/w of the null model) (Burnham &
Anderson 2002) was then calculated to examine the
relative statistical support of the relationship. During
1992, no DFHs were measured and no TLs were
recorded.

Whenever possible, observers recorded the gender
of the animal. Males could be distinguished easily by
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the presence of claspers on the pelvic fins (Taylor
1994). Claspers may be difficult to discern in relatively
small sharks (<4 m TL), so those animals were
recorded as indeterminate gender. In some cases,
sharks dived or swam away before gender could be
determined, so those individuals were also included in
the indeterminate category. All known-sex animals
for which a TL estimate was available were assigned to
1 of 2 size classes: ‘small’ if TL < mean TL or 'large’ if
TL > mean TL to examine temporal trends in size-class
distribution. The null hypotheses testing frequency
differences among classes (e.g. sex, size) and over time
(e.g. years) were tested using the G-test of indepen-
dence with William's correction for small sample sizes
(Sokal & Rohlf 1981).

Identifying marks. Whale sharks have characteristic
patterns of white spots and stripes on the dark back-
ground of their dorsal surface (Fig. 1). Ex-
amination of photographs of the dorsal sur-
face showed that patterns in spots and
stripes ranged from complex (and thus dis-
tinctive) whirls and shapes, to relatively
simple lines (and thus less distinctive).
To compare patterns among sharks we fo-
cused on patterns in an area of the lateral
surface directly behind the last gill slit for-
ward of the dorsal fin. This area was cho-
sen for analysis because it could be defined
easily and consistently for inter-animal com-
parisons and importantly, because it ap-
peared in a large number of photographs.

Many sharks also had scars on their
body surface or fins (Fig. 2). These were
often distinctive and appeared to be
formed either by boat strike (rows of paral-
lel scars along the dorsal surface, as might
be expected from impact with the pro-
peller of a large vessel) or by bites (circular
portions removed from fins). Our observa-
tions indicate that large, fresh bite wounds
take approximately 1 yr to heal com-
pletely (Fitzpatrick et al. 2006). Where
photographs included views of these mark-
ings, they were also used for identification
of individuals.

Comparison of photographs. All pho-
tographs were divided into smaller groups
for analysis on the basis of distinctive scars
(Fig. 2) or markings and gender. Because
there were a relatively small number of
photographs, comparisons of marking pat-
terns and scars among photographs were
made with the naked eye (although other
automated methods exist and would be
practical for larger datasets, e.g. Arzou-

manian et al. 2005). Prior to analysis, hard copies of
photographs were printed. Only photographs that
showed the lateral area behind the last gill slit to the
dorsal fin and were of good overall quality were
analysed. Photographs were cropped, grey-scaled and
the brightness and contrast adjusted before compar-
isons were made. All photographs were analysed by a
single observer (M.P.). A subset of the photographs
(1992 to 1996) was also analysed independently by a
second observer (J.G.T.). Matches of sharks for the
entire database were independently verified by a third
observer (M.G.M.).

One potential problem was the possibility of classing
an individual shark as 2 separate individuals when only
one side of the animal had been photographed. This
would give rise to the potential for double-counting
individuals and artificially increasing the size of the

Fig. 1. Distinguishing patterns of spots and stripes on the dorsal surface
behind the last gill slit of whale sharks at Ningaloo Reef
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Fig. 2. Scars on fins of whale sharks at Ningaloo Reef

database. Fortunately, most of the individuals in the
database were photographed on both flanks so that
they could be classed as a single individual (see
‘Results’). Some individuals that were photographed
on only one side also displayed characteristic marks or
scars that removed the possibility of double counting.
For those individuals only ever photographed on one
flank without accompanying scars, we chose the flank
with the highest occurrence of photographs and re-
jected the remaining side to avoid double counting
(see '‘Results’).

Population size. We used a series of mark-recapture
models that either assume demographic closure (no net
immigration or emigration) or not to generate abundance

estimates (IN). For closed population mod-
els, we used the program CAPTURE (Otis
et al. 1978) to examine variants of the basic
Lincoln-Petersen (LP) model:

~ 11111y
=,

where n; = initial sample of marked ani-
mals, n, = subsequent sample of indi-
viduals from the same population and
m, = the number of n, animals with
marks. The models considered relax the
assumption of equal probability of cap-
ture among individuals due to: hetero-
geneity among (unspecified) groups
(Mp), variation among sampling occa-
sions (M;) and behavioural responses to
‘capture’ (M,). The time-variant models
assume that for t capture occasions there
are t possible capture probabilities. The
estimators used for the different models
included Darroch's maximum likelihood
for time-variant capture probabilities
(Darroch 1958, Otis et al. 1978), Chao's
time-variant capture probability (Chao
1989), individual heterogeneity (Chao
1989) and a time- and individual-variant
capture probability model (Chao et al.
1992). The Chao estimator is particularly
useful when the probability of capture is
small (as in this study). Readers are
directed to the original literature for
more detailed information because the
estimators are complex numerical func-
tions without simple open-form solu-
tions (Cerchio 1998). Program CAPTURE
provides goodness-of-fit tests for each
model and a model-selection procedure
to identify the most probable model(s)
(Otis et al. 1978). Model selection is
based on a multivariate discriminant
function analysis where 7 different closed-population
models are compared using selection criteria derived
from goodness-of-fit significance tests. The most-likely
model is the one corresponding to the maximum
selection criterion (see Otis et al. 1978 for more detail).

After removing photographs of insufficient quality,
there were none available for 2002, so this year was
removed from the analysis. We modelled all remaining
years (1992 to 1996, 2003 to 2004) together using the
closed-population approach; however, due to the in-
consistent temporal series of photographs available (see
‘Results’), we repeated the above analyses with data
from 1992 to 1996 only (t = 5 yr). Thus, by examining
the different temporal series separately, a better inter-
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pretation of the assumption of demographic closure
could be made.

The assumption of demographic closure tests the null
hypothesis that the capture probability of individual i
(p;) is invariant at each sampling occasion. The alterna-
tive hypothesis is that some individuals have p = 0 at
the beginning or end of the study period (Otis et al.
1978, Cerchio 1998). Thus, the test is not sensitive to
temporary emigration and can demonstrate low power
when recaptures are low (Otis et al. 1978). Therefore,
we applied an open-population Jolly-Seber model
(Schwarz & Arnason 1996) to the mark-recapture data
using the POPAN option in the program MARK (White
& Burnham 1999) to estimate population size. For t cap-
ture occasions the model provides t — 1 estimates of ¢
(apparent survival), f estimates of p (capture probability
given the animal is alive and available for capture), -1
estimates of B (probability of entry into the population
per occasion), and N (super-population size). Models
were fitted using the logit link function for (T) and f), the
identity link function for N, and the multinomial logit
link function to constrain the set of [Ai parameters to <1
(otherwise, convergence can be problematic, White &
Burnham 1999). The number of parameters for each
model was adjusted to account for parameters not es-
timable due to low recovery rates in certain years. We
used Akaike's Information Criterion corrected for small
sample sizes (AIC.) to compare models and provide
model-averaged estimates of N (Burnham & Anderson
2002). Estimates of ¢, p and f were not developed under
the full Cormack-Jolly-Seber (White & Burnham 1999)
mark-capture framework (because estimating these
parameters was not a central aim of the study) and so
are not reported here.

RESULTS
Photograph quality

Problems of poor focus and reflected light on the lat-
eral surface on the animal made it difficult to discern
spot and line patterns and resulted in the rejection of
many photographs for identification. In total, poor
clarity or incorrect angle and composition led to the
rejection of 28% (163) of the photographs prior to
analysis. Up to 80% of the photographs taken by an
observer with 20 yr experience in underwater photo-
graphy could be analysed, while only 50% of photo-
graphs taken by an observer with a few months of
experience were of sufficient quality for analysis. Fur-
thermore, we rejected 68% of images collected by
underwater video camera due to graininess and poor
image quality. This left a total of 221 images (62 %)
available for analysis.

Photo-identification using distinctive markings
and scars

Scars on the body or fins aided individual identifica-
tion. A total of 12 individuals displayed some type
of distinctive scar that was consistent with either a
boat strike or a bite from another animal. Of these, 3
showed evidence of a boat strike and 8 displayed scars
from bite marks. Using a combination of scars and
stripe and spot patterns, 2 sharks that were first
photographed in 1992 were recognised in photographs
taken in 2004 (Fig. 3). These patterns therefore appear
to remain unchanged for a decade or more in these
animals.

Population structure

Once repeated photographs of the same individuals
were removed, the databases revealed that a total of
184 sharks were photographed between 1996 and
2004. Of these, 113 individuals were photographed on
both sides, 8 were photographed on one side only but
had accompanying marks or scars, and 4 were identi-

Fig. 3. Photograph of the same whale shark taken at Ningaloo
Reef in 1992 (upper panel) and 2004 (lower panel)
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fied solely from characteristic marks. Another 59 indi-
viduals were photographed only one side but did not
have accompanying records of characteristic marks (25
on the left side only, 34 on the right side only). For the
estimation of population size we therefore chose to
omit the 25 sharks that had left-side only photographs,
thus giving a total number of 159 known individuals
(i.e. without the potential for double counting).

Of these 159 individuals, 118 (74 %) were male, 25
(16 %) were female and 16 (10 %) were of indetermi-
nate sex. There was evidence for a change in the rela-
tive proportions of males, females and animals of inde-
terminate gender photographed in each year of the
study (G, = 17.31, p = 0.002, pooling 1992 & 1993,
and 2003 & 2004), and evidence for a change in the
female:male proportion over time (G, = 9.38, p = 0.052,
pooling 1992 & 1993, and 2003 & 2004) driven by a
relative increase in females in 1994 and 1995 (Fig. 4A).
Trends of gender composition were examined among
months during 2004 (Fig. 4B). The majority of sharks
were photographed from April to June and there was
no evidence for a change in sex ratio among months
(G, = 2.52, p = 0.283, pooling Mar—Apr and Jun-Jul).
Male sharks predominated in all months.

There was a strong linear relationship between TL
and DFH for the 31 individuals where both DFH and
TL were measured for the same animal (r? = 0.83), such
that the positive slope model was 3.84 x 10! (ER) times
more likely than the null model (Fig. 5). Therefore, we
constructed this linear model to predict TL based on
DFH (TL = 10.3484 x DFH + 1.0587, where DFH and
TL are measured in metres) for the additional 53 indi-
viduals that had no direct measurement of TL. This
dataset, combined with those sharks for which TL had
been measured directly, provided a total of 128 sharks
with a measured or estimated total length. Mean total
length was 6.7 m and ranged from 3.0 to 9.7 m (the
largest animal was a male). The size distribution was
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Fig. 4. Percentage of whale sharks photographed by gender by (A) year and
(B) month from March-July 2004. Numbers above bars indicate sample sizes
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Fig. 5. Dorsal fin height vs. total length of whale sharks
measured at Ningaloo Reef

bimodal with the largest peak in numbers occurring at
8 m TL and a smaller second peak in abundance at 6 m
TL (Fig. 6A). Male whale sharks averaged 6.8 m, and
females averaged 6.3 m TL. There was evidence for
differences in the size distribution of individuals
among years (G3 = 28.7, p < 0.001, pooling 1993 & 1994
and 2003 & 2004) driven by an increasing frequency of
small individuals seen in recent years (Fig. 6B).

Resightings of individually identified sharks

The analyses of shark resights for the photographs
taken between 1992 and 1996 indicated a total of only
2 resights out of 60 (i.e. 3%) that were missed in the
first assessment. Therefore, we are confident that
our rate of loss for marks is low (but see
‘Discussion’ for caveats concerning this
assumption). A total of 60 individuals were
resighted either within the same year or
between years from 1992 to 2004. Overall,
73% of the resighted sharks were male,
17 % were female and 10% were of inde-
terminate sex. At different times during
the same year of initial identification 46
sharks were resighted (sometimes more
than once), and 33 individuals were re-
sighted in different years. Within the same
year, 30 sharks were photographed at least
twice, 16 sharks were photographed on
3 separate occasions and 5 sharks were
photographed from 4 to 7 times. Intervals
between resights of the same sharks in
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best fit (x%; = 58.5, p = 0.74, model selection cri-
terion = 1.0), followed by some support for the
time-variant and heterogeneity model (My,
model selection criterion = 0.62). Population
estimates from all models are summarized in
Table 1. The M; model using the Darroch esti-
mator provided time-variant capture probabili-
ties (py) ranging from 0.03 (2003) to 0.13 (1994
& 2004), with no trend over time. The test for
closure indicated that the assumption was not
violated (z = -0.691, p = 0.24) under the null
model of no heterogeneity in capture prob-
abilities. However, the test for closure by fre-

Fig. 6. Size-frequency distributions of whale sharks: (A) harvested in quency of capture indicated violation of this

India between 1990-1998 (after Pravin 2000) and photographed between

1992-2004, (B) and at Ningaloo Reef for 4 periods

different years averaged 2.7 yr (median = 2) and
ranged from 1 to 11 yr (Fig. 7), with the longest maxi-
mum interval between sightings (i.e. ignoring succes-
sive sightings within that interval) was 12 yr. Most of
the sharks resighted in subsequent years were first
photographed in 1992.

Population size

A total of 7 ‘capture’ sessions (excluding 2002) with
159 individuals photographed (196 separate sightings)
over the study period, generated a series of population
estimates under the different models and estimators
tested. Using the model selection criteria provided by
CAPTURE, the time-variant model (M,) provided the
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Fig. 7. Frequency distributions of inter-annual resightings
of whale sharks identified from photographs taken at
Ningaloo Reef

assumption (z =-3.529, p = 0.0002). Using only
5 ‘capture’ sessions from 1992 to 1996, model
selection again revealed the M,; model as hav-
ing the best fit (x227 = 24.0, p = 0.63). However, abun-
dance estimates were considerably lower (Table 1),
with p; ranging from 0.07 (1995) to 0.25 (1994; Dar-
roch), and 0.08 (1995) to 0.28 (1994; Chao), with no
trend over time.

Using the POPAN open-population Jolly-Seber
model structure implemented in MARK for 1992 to
2004, only 1 of the time-variant models for apparent
survival (¢), capture probability (p) and the probability
of entry in the population (B) converged due to low
recovery rates in some years, the model with time-vari-
ant B (@[.]p[.IB[t]N[.]). This model demonstrated an
information-theoretic support (AIC. weight) of approx-
imately 100 %, and provided a super-population size of
319 to 436 (Table 1). A x% goodness-of-fit test indicated
that this model fit the data reasonably well (x21 =1.69,
p = 0.19, Table 1). Examining the data from 1992 to
1996, only the null model (¢ [.]p[.]B[.]N[.]) converged,
providing a super-population size of 193 to 341 for that
time period (Table 1).

DISCUSSION

Our study demonstrates that photo-identification
can be used to recognize individual whale sharks of
the Ningaloo Reef aggregation. Many individuals also
bore distinctive scars on the fins or dorsal surface
that aided identification and could be used to con-
firm recognition based on spot and stripe markings.
Patterns in spot and stripe markings appeared to be
unique to each individual because the same pattern
was not found on more than one shark (Arzoumanian
et al. 2005). We were able to identify 159 whale sharks
successfully using this method. Approximately 74 % of
these were male, a pattern that was consistent both
within and among years. The observation of a male
bias supports Taylor's (1994) suggestion that the aggre-
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Table 1. Summary of population size estimates from closed- and open-

population models

species cannot be restrained, it is prefer-
able to measure dorsal fin height rather
than TL in the field. Fin height could be

Model Goodness-of-fit N Ccv estimated with relative ease and accuracy,
2 . .
X p range (%) compared with estimates of TL that were
Closed obtained by swimming measuring tapes
M, (1992-2004) alongside moving animals often metres
Chao X%e=53-5 278-490 14.8 below the surface. In the future, stereo
Darroch 0.74 300-497 13.1 cameras may provide a better approach
My, (1992-2004) 301-589 17.6 for in situ measurements of whale shark
M, (1992-1996) di . Th
Chao %, =24.0 146-248 13.9 imensions. ese systems can measure
Darroch 0.63 158-259 13.0 large animals accurately (e.g. tuna, Har-
Open (Jolly-Seber) vey et al. 2003) and at the same time
1992-2004 x2=169 0.19 319-436 8.0 could provide photographs for identifica-
1992-1996 x2=140 024 193-341 14.8 tion studies.

gation of whale sharks at Ningaloo is dominated by
males. Although information on the composition of
populations at other aggregation sites is limited (Col-
man 1997), sexual segregation or biased sex ratios
appear to be a general characteristic of shark popula-
tions (Springer 1967, Klimley 1987). Segregation is also
known to occur in other large planktivorous sharks
(e.g. basking sharks Cetorhinus maximus) where ani-
mals occur in groups of similar size (Wilson 2004). Seg-
regation or biased sex ratios are thought to result from
intra-specific competition for food or mates, or through
reproductive strategies associated with mating be-
haviour or via differing seasonal habitat or resource
requirements (Sims et al. 2001). Biased sex ratios may
also indicate differential mortality rates (Heithaus
2001) or different migration patterns (Pratt 1979).
Whale sharks photographed at Ningaloo Reef ranged
from 3 to 10 m in estimated total length. This size range
appears typical of other aggregation sites. For example,
whale sharks captured in India's coastal fishery from
1990 to 1998 ranged between 3 and 12 m TL (Fig. 6A,
Pravin 2000). At both India and Ningaloo, size distribu-
tions were bimodal, with peaks occurring at around 5 to
6 m and at 8 to 9 m (Fig. 6A). The largest animal recorded
from our dataset was a male estimated at 9.7 m TL. De-
spite its size, this is a relatively small individual com-
pared to the reports of a whale shark landed in Taiwan in
1987 that weighed 34 t and reputedly measured 20 m TL
(Chen et al. 1997). Size at maturity of whale sharks is
thought to be around 8 to 9 m TL (Colman 1997), al-
though this is based on few reliable data. This implies
that nearly all of the sharks aggregating at Ningaloo
Reef are sexually immature as suggested by Taylor
(1996). The increasing frequency of smaller individuals
found in our study may also indicate longer-term
changes in the structure of the Ningaloo aggregation.
We detected a well-supported relationship between
dorsal fin height and total length (TL). Because this

Individual identification demonstrated
that some individuals remain at Ningaloo
Reef for several months and return in successive years.
A total of 59 individuals were resighted from the
photographic databases. Of these, 46 were resighted
during the same year they were initially photographed
and 33 were resighted in different years. Overall, 73 %
of the resighted sharks were male and 17% were
females, proportions that were similar to the sex ratios
of the population. Resightings within the same year
showed that some sharks could remain in the area of
Ningaloo Reef for up to 4 mo. However, the majority
of resightings in the same year were separated by only
a few days or weeks. Of the sharks photographed
in multiple years, the interval between resightings
was typically 1 to 3 yr, although 3 individuals were
resighted after 210 yr.

The photo-identification data provided estimates of
population abundance at Ningaloo Reef. However, due
to the small number of resighted individuals in the
latter years of the study period, abundance estimates
should be treated with caution. Based on the closed
population models, the most realistic abundance esti-
mate ranged from approximately 300 to 500 individ-
uals. Relaxing the assumption of closure using open-
population models provided a more-precise population
size (319 to 436) for the full dataset. These estimates in
combination with the lower estimates (~150 to 250)
for the 1992 to 1996 period estimated by the closed-
population models suggest that the number sharks
participating in the Ningaloo aggregation in any given
year is perhaps somewhat smaller than the super-
population comprised of individuals that visit the reef
at some point during their lifetime. By comparison,
only 40 sharks are thought to participate in the whale
shark aggregation that occurs off Gladden Spit in
Belize (Heyman et al. 2001, CITES 2002). However,
anecdotal reports suggest that aggregations of whale
sharks comparable in size or larger to that at Ningaloo
Reef may occur at other sites in the Indian Ocean,
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notably off the coast of Gujurat in India (Pravin 2000)
and in the Seychelles (D. Rowat, pers. comm.).

The large overlap in population estimates derived
from the closed- and open-population models suggest
that the super-population attending Ningaloo Reef
does not consist of a completely transient subset of the
Indian Ocean Rhincodon typus population, and this
has potential implications for the conservation of this
species. An ongoing tagging program has shown that
many sharks disperse to the north towards Indonesia
after leaving Ningaloo Reef (Wilson et al. 2006, M. G.
Meekan et al. unpubl. data). In Indonesia, sharks are a
major target of artisanal and commercial fisheries and
it is likely that whale sharks are hunted in these waters
as is the case in much of Southeast Asia (Eckert et al.
2002). If over-fishing is occurring in part of the range of
the Ningaloo sharks, the observation that many indi-
viduals return to this aggregation suggests that any
demographic effects of this process will be seen in
the protected population at Ningaloo. Given the prob-
able life-history traits of these animals (Colman 1997),
any recovery of numbers once over-fishing has ceased
would take many years.

For these reasons, it is imperative that migration
pathways of whale sharks are established. Photo-
identification will not be suitable for this task because
there are relatively few sites in the Indian Ocean
where photographic databases of whale sharks have
been compiled (with the exception of the Seychelles
and Maldive Islands). Comparison of photographs will
show the amount of exchange in populations occurring
at this spatial scale, but will not reveal migration
routes. Satellite-tagging (Eckert & Stewart 2001, Eck-
ert et al. 2002) provides the most cost-effective means
to investigate migratory behaviour (Fowler 2000).

A central requirement of the photo-identification
technique is that distinctive markings and scars do not
change over time. We found evidence to support this
assumption because 2 sharks were identified in this
manner from photographs taken at intervals of more
than a decade. This suggests that these patterns pos-
sibly remain unchanged over the long term, and this
has also been reported elsewhere (Arzoumanian et al.
2005). However, this may not be true for all individuals
because both of these resighted sharks were approxi-
mately 7.5 m TL when photographed in 2003 and 2004.
It seems more likely that spot and stripe patterns might
change as small (younger) sharks grow to larger sizes
such as has been documented in leopard sharks
Stegostoma fasciatum (Daley et al. 2002). For S. fascia-
tum, individual identification requires the use of a
combination of the patterns on the dorsal surface and
distinctive scars. In contrast, whale shark embryos
have spot and stripe patterns remarkably similar in
appearance to those of adults (Garrick 1964, Joung et

al. 1996). Furthermore, nearly all whale sharks sighted
at Ningaloo Reef were over 4 m TL, thus patterns on
dorsal surfaces may have already undergone any
major alterations that occur with growth. Nonetheless,
our models’ parameter estimates are entirely contin-
gent on the assumption of long-term stability of the
micro-patterns observed on the lateral area behind the
last gill slit and the permanence of distinctive scars. If,
for example, these patterns change over time, the
number of resighted individuals would be underesti-
mated and lead to an upward bias in population size.
The advent of permanent marking techniques such as
genetic ‘tagging’ (e.g. Feldheim et al. 2002, Mowat
& Paetkau 2002, Eggert et al. 2003) for whale sharks
will permit validation of our model predictions.

Image quality was one of the principal factors in-
fluencing the speed of analysis and comparison of
photographs. The use of underwater photography
added a degree of difficulty not present in other photo-
identification studies of marine megafauna that usually
take photographs from the vantage points of planes,
boats or from the shore (Wiirsig & Jefferson 1990).
Refraction of light on the lateral surface of the animal
was a major problem in many photographs because
it made it difficult to discern spot and line patterns.
Additionally, snorkelling with camera gear in rough
seas while photographing an animal that swims at a
velocity of approximately 2 knots meant that selection
of the correct angle and view of the shark was difficult.
Equipment also influenced quality because images
captured from digital videotape were generally much
grainier and of poorer quality than those taken by still
cameras.

Our study shows that photo-identification offers a
practical, non-destructive means to obtain data on the
population size and demography of whale sharks, but
for the potential to be completely realized, standard
techniques need to be applied to the collection of
photographic databases. If this is done, the regular
encounters with whale sharks offered to divers by the
ecotourism industry in localities worldwide could pro-
vide a simple means to generate many photographs for
analysis. For people who enjoy encountering these
spectacular animals in their natural environment, and
for those who base their livelihoods on the popularity
of this experience, this offers the opportunity to con-
tribute directly to the conservation and understanding
of the ecology of whale sharks.
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