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ABSTRACT: We made surveys for whale sharks Rhincodon typus on a total of 99 d from April through
June each year from 2006 to 2008 along the southern fringe of the South Ari Atoll, Maldives Archipelago. We recorded the length and sex of each shark observed and made photographs to facilitate
repeated identification from their spot patterns using pattern-recognition software. We identified 64
whale sharks from digital photographs taken during 220 sightings over 3 yr. Approx. 87% of those
sharks were immature males. The average length of recognisable sharks was 5.98 m (range 2.5 to
10.5 m), significantly shorter than that reported for whale sharks in other aggregations in the Indian
Ocean. Our findings suggest that these sharks are either a small proportion of a local population
or perhaps an even smaller component of a regional population in the western Indian Ocean.
We applied a Lincoln-Petersen closed-population mark-recapture model and a Jolly-Seber openpopulation model to estimate population size, but found that neither model provided reliable results
because key assumptions of each were not met.
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INTRODUCTION
Whale sharks Rhincodon typus are known to aggregate seasonally near shore and along coral reefs in
tropical and subtropical waters worldwide (Stewart &
Wilson 2005). The timing of these aggregations often
corresponds with local blooms of phytoplankton or
spawning of fishes and corals (e.g. Clark & Nelson
1997, Taylor & Pearce 1999, Eckert & Stewart 2001,
Heyman et al. 2001, Alava et al. 2002, Norman &
Stevens 2007). Repeat observations of naturally marked
or scarred whale sharks suggest that at least some
sharks may be faithful to particular sites among years.
Tracking studies and mtDNA data indicate, however,
that whale sharks may be highly mobile between these
visits (e.g. Eckert & Stewart 2001, Eckert et al. 2002,
Castro et al. 2007, Hsu et al. 2007, Rowat & Gore 2007,
Brunnschweiler et al. 2009), suggesting that multilateral regional cooperation and marine resource gover-

nance may be the key to conservation of whale sharks
(Castro et al. 2007).
Global abundance of whale sharks is unknown
(Stewart & Wilson 2005), although Castro et al. (2007)
estimated that the effective female population size
may be around 119 000 to 238 000 individuals. Local
aggregations may have declined in some areas despite
local protection (e.g. Theberge & Dearden 2006, Bradshaw et al. 2008), suggesting unsustainable mortality
in other parts of their range (Bradshaw et al. 2008) or
perhaps only simple changes in distribution and patterns of movements. Holmberg et al. (2008) found no
evidence of a decline in whale shark abundance at the
same aggregation studied by Bradshaw et al. (2008),
highlighting the difficulty in tracking population
trends in an elusive species. Innate biological characteristics, such as large size, slow development and late
maturation, delayed and infrequent reproduction and
long life span, suggest the species cannot sustain high
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levels of exploitation. These factors, combined with the
species’ apparent widespread distribution, but disjunct
and relatively small populations, mean that populations may be slow to recover from overexploitation
(Jones & Kaly 1995, Stewart & Wilson 2005). Whale
sharks have long been known to occur in Maldivian
waters and indeed have been hunted historically
(Anderson & Ahmed 1993), although their abundance
and population characteristics have not been studied
before. Here we present preliminary information on
whale sharks in the Maldives from our studies at South
Ari Atoll from 2006 through 2008.

MATERIALS AND METHODS
We made surveys for whale sharks Rhincodon typus
along the Maamigili-Dhigurah Reef (03° 28’ N, 72° 51’ E)
at South Ari Atoll on a total of 99 d from April through
June each year from 2006 through 2008. The reef is
located approximately 105 km southwest of the capital
city of Malé in the Republic of Maldives (Fig. 1). We
made surveys each day between 06:30 and 19:30 h
from a 15.1 m long wooden-hulled, motorised boat.
Our surveys coincided with the beginning of the southwest monsoon season.

Once a whale shark was sighted, the boat moved to
just ahead of the animal and then dropped swimmers,
with snorkels, into the water to take photographs, measure, and observe its behaviour. We measured total
lengths (Lt) of sharks either directly using a graduated
measuring line, or by estimating it from photographs of
a swimmer of known length next to it (e.g. Heyman et
al. 2001, Norman & Stevens 2007). We then calculated
growth rates of identifiable sharks seen in 2006 and
2008 from differences in measured or estimated
lengths.
We determined the sex of each shark by the observed presence (male) or absence (female) of mixopterygia (claspers) adjacent to the cloacal opening
between the ventral pelvic fins (cf. Holden & Raitt
1974). The claspers of immature male specimens are
uncalcified and do not reach the posterior edge of the
pelvic fin. In mature fish, the claspers extend beyond
the posterior edge of the pelvic fin, and are hard and
ossified (Holden & Raitt 1974).
Keeping external tags attached to whale sharks has
so far been difficult, and consequently a sample of
marked animals for population assessment has not yet
been established. However, whale sharks have striking body pigmentation patterns that may be suitable
for identifying individual sharks (cf. Taylor 1994,
Arzoumanian et al. 2005, Holmberg et al. 2008). To
identify sharks, we made photographs of each shark
we encountered and focused on the patterns of spots in
an area defined by 4 boundaries: (1) just behind the 5th
gill slit; (2) dorsal of the proximal end of the pectoral
fin; (3) anterior of a line drawn dorso-ventrally from the
insertion point of the posterior end of the pectoral fin;
and (4) ventral of the 3rd longitudinal ridge (Arzoumanian et al. 2005) on both sides of each shark (Fig. 2).
We used public-domain, pattern-recognition software
(I 3S, Interactive Individual Identification System) to
evaluate matches among photographs (Van Tienhoven
et al. 2007). Two or 3 observers made independent
evaluations of photographs and results were compared
to ascertain the accuracy of the algorithm determinations. We also used scar and wound patterns to verify
the matches of some sharks. We included in our analyses only good quality photographs.
We applied a Lincoln-Petersen closed-population markrecapture model and a Jolly-Seber open-population
model to the 3-yr dataset (e.g. Cormack 1964, Jolly
1965, Seber 1965) to estimate population size.

RESULTS

Fig. 1. Study site

We recorded 220 sightings of whale sharks during
99 d of observations from 2006 through 2008. The
frequency of encounters with whale sharks was 1.5 d–1
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Fig. 2. Rhincodon typus. Identification area boundaries: (1) posterior of the 5th gill slit; (2) dorsal of the proximal end of the pectoral
fin; (3) anterior of a line drawn dorsoventrally from the insertion point of the posterior end of the pectoral fin; and (4) ventral of the
3rd longitudinal ridge (Arzoumanian et al. 2005) on both sides of the shark

in 2006 and 2007 and 2.9 d–1 in 2008 (Table 1). We
judged the photos made during 204 of the encounters
with sharks to be of sufficient quality for comparing
spot patterns. We identified 64 unique whale sharks
from those photos, a minimum estimate of the number
of whale sharks that have been foraging near the
Maldives from 2006 to 2008. Twelve (35.3%) of them
were observed in 2006 and 2007 and 20 (46.5%) that
were seen in 2008 had been observed in 2006 or 2007.
Resightings varied among years. Eighteen sharks were
seen between 4 and 8 times, one was seen 3 times, and
11 sharks were seen twice.
The Lincoln-Petersen closed-population model estimated population size to be between 62 and 99 (95%
CI). The Jolly-Seber open-population model in the programme MARK with the POPAN extension (White &

Burnham 1999) estimated it at between 68 and 81
(95% CI, SE = 3.189).
The average length of whale sharks measured and
estimated was 5.98 m (Lt ± 1.46 m, range 2.5 to 10.5 m;
n = 64; Fig. 3). The smallest shark photographed was
a 2.5 m male that we saw several times in 2008. We
saw but did not photograph a slightly smaller shark
(< 2.0 m). The lengths of 13 resighted immature male
sharks increased by about 0.45 m yr–1 (± 0.37 m) between 2006 and 2008.
Of 59 sharks whose sex was determined (Table 1), 56
(95%) were immature males and the other 3 immature
females (i.e. < 9 m Lt; cf. Joung et al. 1996, Graham &
Roberts 2007). Of 5 sharks of unknown sex, one (WS037
at 10.5 m) was the largest shark observed and was presumably mature (i.e. >8.9 m; cf. Norman & Stevens 2007).

Table 1. Rhincodon typus. Number of whale sharks encountered, identified, measured and sexed, in 2006 (21 April to 16 May),
2007 (23 April to 10 June) and 2008 (24 April to 19 June). Total length (Lt) is the distance from tip of snout to tip of caudal fin.
M: Male; F: female

2006
2007
2008
All years

Encounters

Search
(d)

Encounters
d–1 search

Effort (h)
per encounter

Total
sharks

26
63
115
204

17
42
40
99

1.5
1.5
2.9
2.1

13.2
9.6
3.8
6.8

19
34
43
64

Juveniles
M
F
19
32
37
56

0
0
3
3

Mature
M
F
0
0
0
0

0
0
0
0

Unknown

Lt (m)

0
2
3
5

4.5–8.50
4.0–10.5
2.5–9.00
2.5–10.5
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35

Frequency (%)

30
25
20
15
10
5
0

35

Frequency (%)

30
25
20
15
10
5
0
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The lengths (5.98 Lt ± 1.46 m) of whale
sharks observed during this study were significantly less (p < 0.001) than those harvested
in India from 1990 to 1998 (n = 164, 7.39 ±
2.36 m) and those photographed at Ningaloo
Reef, Western Australia from 1992 to 2004
(n = 84, 7.56 Lt ± 1.70 m; Fig. 4). The estimated
growth rate of 0.45 m yr–1 (± 0.37 m) for 13
individuals in the studied aggregation are
similar to those of between 0.03 and 0.70 m
yr–1 estimated for 3 immature whale sharks
<3
3.1–4.0 4.1–5.0 5.1–6.0 6.1–7.0 7.1–8.0 8.1–9.0 9.1–10.0 10.1–11.0
seen repeatedly during 2 to 3 yr at Gladden
Total length (m)
Spit, Belize (Graham & Roberts 2007). ImFig. 3. Rhincodon typus. Size–frequency distributions of whale sharks mature whale sharks in aquaria initially bephoto-identified near South Ari Atoll, Maldives, 2006–2008 (n = 64)
tween 4.5 and 4.9 m Lt grew about 0.22 and
0.26 m yr–1 over a 1.26 and 4 yr captive period
respectively (Kitafuji & Yamamoto 1998, Uchida et al.
2000). These similarities may suggest similar growth
India
rates and age structure among areas, though extant
Australia
data are not adequate to test either hypothesis.
Maldives
Although more equal ratios of females to males have
been reported for some aggregations of whale sharks
(e.g. Theberge & Dearden 2006, Cárdenas-Torres et al.
2007), most studies have reported greatly distorted sex
ratios and size characteristics (e.g. Taylor 1994, Eckert
& Stewart 2001, Graham & Roberts 2007, Norman &
Stevens 2007, Rowat & Gore 2007, Rowat et al. 2008).
<3
4.1–
6.1–
8.1–
10.1–
12.1–
14.1–
Age or sexual segregation has been reported in bask5.0
7.0
9.0
11.0
13.0
15.0
ing sharks Cetorhinus maximus, another large plankTotal length (m)
tivorous shark, and is widespread in Selachimorphs
Fig. 4. Rhincodon typus. Size–frequency distributions of
(e.g. Klimley 1987, Bres 1993, Robbins 2007). One reawhale sharks (1) harvested in India, 1990–1998 (n = 164)
son for these distorted ratios and size characteristics of
(Pravin 2000), (2) photographed at Ningaloo Reef, Western
aggregations may be that only smaller sharks (and
Australia, 1992–2004 (n = 84) (Meekan et al. 2006), and (3)
mostly males) approach the coasts and reefs close
photographed at South Ari Atoll, Republic of Maldives,
enough where they can be observed.
2006–2008 (n = 64) (this study)
Discovery curves (number of individuals identified
versus search effort) have been used in population
DISCUSSION
studies of other marine vertebrates as an index of
whether and when most individuals may have been
Resightings of whale sharks over 3 yr suggest that at
seen (e.g. Kerr et al. 2005, Baker et al. 2006). Key
least some sharks are faithful to the reef for short periassumptions of this model are that there is no uncatchods, at least in the boreal spring. Moreover, suppleable segment of the population (i.e. there are no whale
mental observations from another 103 encounters that
sharks that are either never sighted or cannot be idenidentified 21 sharks in the Maldives (T. Davies pers.
tified), and there are no additions to the population
comm.), including regular resightings at the southern
during the season that would cause true abundance to
fringe of the South Ari Atoll during a 6-yr period, supclimb (Baker et al. 2006). The absence of newborn,
ports the hypothesis of local site fidelity of sharks durmature adult and female sharks in general suggests
ing some period of their lives. Six of the sharks that
that there is a large uncatchable segment of the popuwere documented at the study site have also been
lation and there is no evidence to suggest that there
observed about 190 km north at Hanifaru, Baa Atoll
are no additions to the population during the season.
and 4 of those sharks were later seen again at the study
Consequently, we do not think that it is appropriate to
site (Fig. 1). These observations suggest that a large
derive discovery curves for this aggregation.
number of the sharks that are observed in the Maldives
Mark-recapture methods can be used to estimate
may be year-round or perhaps permanent residents of
size and vital rates of populations even in highly
the archipelago, at least until they mature.
mobile species (e.g. Cormack 1964, Jolly 1965, Seber
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1965, Pollock et al. 1990). They have been used to estimate abundances of whale sharks elsewhere in the
Indian Ocean (Meekan et al. 2006, Rowat et al. 2009),
although key assumptions may not have been satisfied.
We evaluated the applicability of mark-recapture
methods, based on serial digital photographs of pigmentation patterns, to estimate abundance of whale sharks
near South Ari Atoll. First we applied a simple LincolnPetersen mark-recapture model (closed-population
assumed; Seber 1982). A critical assumption of this
model is that there is no emigration or immigration
(e.g. Kendall 1999). The absence of newborn and
mature sharks and the predominance of immature
males near South Ari Atoll suggests that the sharks
that visit this location may indeed be only a small proportion of either a larger resident or regional population, indicating that emigration and immigration takes
place. Consequently, a closed model is unlikely to be
appropriate for estimating total population size and
any output from one would be dubious.
We also used the Jolly-Seber (open-population) model
in the Population Analysis (POPAN) option of MARK
(White & Burnham 1999) as has been used in previous
whale shark studies (e.g. Meekan et al. 2006, Rowat et
al. 2009). This model assumes that the population is
open and that emigration and immigration both occur
(Arnason & Schwarz 1999). The Jolly-Seber openpopulation model assumes all individuals in the population have an equal probability of capture (Pledger et
al. 2003), which for a transient marine species known
to occupy a large geographic and vertical range (i.e. up
to 1200 m or more in depth; Eckert & Stewart 2001,
Stewart & Wilson 2005, Wilson et al. 2006, Wilson et al.
2007) is almost certainly false.
All mark-recapture models have key assumptions
including that (1) with the exception of the LincolnPeterson model, each mark is unique to one individual
(and the corollary that any change that might occur to
a mark does not result in confusion with the mark of
another individual), (2) there is no loss (or change) of
the mark during the study (or at least that the rate of
loss or change is small and can be accurately estimated), and (3) marks are accurately recorded and
there is no (or minimal and measurable) error in
recording when seen again. None of these assumptions have yet been tested for pigmentation patterns in
whale sharks. Moreover, the use of mark-recapture
models to estimate the size of episodic whale shark
aggregations may be unreliable because the groups
encountered may not represent functional breeding
populations and consequently only an uncertain proportion of a larger regional or even wider-ranging
population. Consequently, any reports of whale shark
population size using mark-recapture models should
be considered with these important caveats.
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Provided the research is conducted within a sufficiently large area, open-population models may be
useful over longer time periods to estimate abundance,
survival and intraseasonal residency times (e.g. Holmberg et al. 2009). Therefore the continued collection of
data on individual sharks using photo-identification
may still represent the best method currently available
for understanding the demography of aggregations of
this species and to detect regional population trends.
Further research to explore vertical and geographic
movements of whale sharks in the Maldives is required
to determined a scale appropriate for open-population
models, to test the hypothesis that whale sharks segregate by size and sex and to determine the whereabouts
and behaviour of the missing elements of the Indian
Ocean whale shark population.
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