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Ten years have passed since the last synopsis of whale shark Rhincodon typus biogeography. While
a recent review of the species’ biology and ecology summarized the vast data collected since
then, it is clear that information on population geographic connectivity, migration and demography
of R. typus is still limited and scattered. Understanding R. typus migratory behaviour is central
to its conservation management considering the genetic evidence suggesting local aggregations are
connected at the generational scale over entire ocean basins. By collating available data on sightings,
tracked movements and distribution information, this review provides evidence for the hypothesis
of broad-scale connectivity among populations, and generates a model describing how the world’s
R. typus are part of a single, global meta-population. Rhincodon typus occurrence timings and
distribution patterns make possible a connection between several aggregation sites in the Indian
Ocean. The present conceptual model and validating data lend support to the hypothesis that R.
typus are able to move among the three largest ocean basins with a minimum total travelling time
of around 2—4 years. The model provides a worldwide perspective of possible R. typus migration
routes, and suggests a modified focus for additional research to test its predictions. The framework
can be used to trim the hypotheses for R. typus movements and aggregation timings, thereby isolating
possible mating and breeding areas that are currently unknown. This will assist endeavours to predict
the longer-term response of the species to ocean warming and changing patterns of human-induced
mortality. © 2013 The Authors
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INTRODUCTION

The whale shark Rhincodon typus Smith 1828 is a filter-feeding chondrichthyan
that can reach over 18 m in total length (Lt) (Chen et al., 1997; Compagno, 2001;
Borrell et al., 2011), making it the largest extant fish species. Being large and docile,
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its geographic range is known across most tropical and warm temperate waters
(Compagno, 2001; Last & Stevens, 2009), especially around sites where individuals
aggregate seasonally. Little is known, however, about how these aggregations
are connected via migration, apart from preliminary population genetic evidence
suggesting connectivity at the generational scale (Castro et al., 2007; Schmidt et al .,
2009). Furthermore, their pelagic distribution is poorly described, as is the true
extent of their range. Rising concerns about how warming seas will affect R. typus
distributions are potentially being manifested already; for example, occasionally
individuals are sighted at latitudes higher than their nominal 30°, namely in the Bay
of Fundy, Canada 44° N (Turnbull & Randell, 2006), in the southern Azores, Por-
tugal 41° N (Sa, 2008) or to the north-east of New Zealand >35° S (Duffy, 2002).
This lack of understanding of their distribution, connectivity and migration pathways
therefore severely limits the capacity to broker international conservation plans
for the species.

Rhincodon typus sightings are most often reported nearshore because they often
aggregate in specific locations along the coast within warm and temperate waters at
approximately the same time every year (Rowat, 2007). The incentive for aggregat-
ing is not yet fully understood, but most studies suggest that such occurrences are
related to food blooms, currents or temperature variation (Colman, 1997; Wilson,
2002; Meekan et al., 2009; Cardenas-Palomo et al., 2010; Kumari & Raman, 2010;
Sleeman et al., 2010a). In contrast, R. typus are rarely recorded on the high seas,
largely because of the challenges of sampling the oceans (Richardson & Poloczan-
ska, 2008). Following the drive to chase ever-more-elusive commercial fish species,
the fishing industry appears to be the only sector capable of recording marine species
regularly in the open ocean (Sequeira et al., 2012). Rhincodon typus targeted fish-
eries ran mainly in South-East Asia and India prior to the turn of the last century
(Joung et al., 1996; Pravin, 2000; Stevens, 2007; White & Cavanagh, 2007). As a
consequence of declining landings, the species was classified as vulnerable in 2000
in the IUCN Red List (Norman, 2012) and the fisheries were eventually banned;
the last bans occurred in India in 2001 (Indian Wildlife Protection Act, Schedule I,
amended in 2001) and in Taiwan in 2007 (COA, 2007). Although most of the bans
happened more than a decade ago, a recent review of this classification resulted in
no change of status (Norman, 2012). Together with the Taiwanese commercial catch
lasting until 2007, the persistent high threat risk of the migratory R. typus (UNCLOS,
1982; UN FSA, 1995) might be due to a low scrutiny of the ban’s implementation
(Stewart & Wilson, 2005), and continued illegal fishing in areas such as eastern
Indonesia (White & Cavanagh, 2007) and the Maldives (Riley et al., 2009). Unin-
tentional catch of R. typus also occurs in other fisheries of large ocean coverage (e.g.
purse seiners; Romanov, 2002).

Rhincodon typus based tourism has proven the worth of live sharks (Anderson
& Waheed, 2001), with related incomes replacing those once provided by targeted
fisheries (Quiros, 2007). Established tourism operations continue to expand through-
out the world at known R. typus aggregation sites, such as in the Seychelles (Rowat
& Engelhardt, 2007), Australia (Catlin & Jones, 2009) and Mexico (Venegas et al.,
2011), and they play an important conservation role because of the positive example
of economic benefits from renewable tourism. Tourism also assists R. typus research
because photographs taken during diving operations are used to identify returning
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individuals (Speed et al., 2007), which provides data essential for estimating abun-
dance, vital rates and persistence probability (Meekan et al., 2006; Bradshaw, 2007,
Rowat et al., 2009). By collating tourism-derived photographic data from different
locations, research is currently pursuing evidence of inter-aggregation migration
hypothesized to occur given the finding of ocean-scale genetic connectivity (Castro
et al., 2007; Schmidt et al., 2009); however, none has yet been found (Brooks
et al., 2010).

Examining R. typus at the scale of single aggregations cannot adequately describe
the species’ life history because it encapsulates only a small proportion of the
life cycle. Collecting data outside aggregation areas is therefore essential. Contin-
ual developments in tagging technology to improve estimates of home range size,
movement patterns and habitat use (Hammerschlag et al., 2011) have been par-
tially successful in this regard, although despite >3000 R. fypus tagged to date
(www.whaleshark.org), trajectories have not revealed reliable evidence for inter-
aggregation connection. This is not entirely surprising given the low probability
of resighting migratory individuals in widely spaced aggregations. The lack of bio-
logging efficiency is mostly due to premature detachment and limited spatial coverage
of acquired data (Brunnschweiler et al., 2009), tag removal and damage (Fitzpatrick
et al., 2006; Hays et al., 2007) which might result in part from attacks from other
sharks or killer whales Orcinus orca (Fitzpatrick et al., 2006; Speed et al., 2008),
and the accumulation of bio-fouling organisms causing tag malfunction (Hays et al.,
2007). Moreover, although tracking methods can provide some insight into the move-
ment behaviour of R. typus, they are still unlikely to encompass the full range of the
population’s distribution.

Mitochondrial and microsatellite DNA studies performed to investigate putative
links among R. typus aggregations have revealed that the three major ocean basins
have low genetic differentiation (Schmidt ef al., 2009), albeit in the Atlantic Ocean
they had moderately different mitochondrial haplotype frequencies from those in the
Indian and Pacific Oceans (Castro et al., 2007). These results partially validate the
prediction that R. rypus have at least generational-scale migrations that connect pop-
ulations among the world’s oceans. According to Hartl & Clark (1989), population
differentiation can be prevented with only a few breeding migrants per generation,
and panmixia can occur even with only about four breeding migrants per generation
(Hartl & Clark, 1989; Morjan & Rieseberg, 2004). Given the species’ long genera-
tion time (ranging from 15 to 37 years; Bradshaw ef al., 2007), only rare dispersal
would be required to demonstrate equivalent gene flow. This suggests that current
bottom—up approaches based on collecting difficult-to-obtain tagging data to estimate
vital rates and life-history traits have a low probability of characterizing broad-scale
migratory patterns. Since Smith first described the species in 1828, little is known
about their physiology (e.g. growth rates) or reproduction (e.g. mating areas, vari-
ation in pup production and breeding frequency). The only clue that R. typus are
ovoviviparous was provided by a single pregnant female specimen carrying 300
embryos in different stages of development (Joung et al., 1996).

In this overview and analysis, a top—down approach is proposed to infer R. typus
occurrence probability and global patterns of movement. The primary focus of
research should be shifted to broader-scale approaches that generate hypotheses based
on conceptual models of migration. Testing these hypotheses indirectly through mod-
elling approaches, or directly via improved technologies that provide higher-quality
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and longer-term migration data, will ultimately produce a more realistic picture of
the species’ distribution throughout its life cycle. This will assist in making predic-
tions on population viability and redistribution resulting from warming oceans and
changing patterns of human-induced mortality.

KNOWLEDGE BASE

The understanding of R. typus ecology and biology has accelerated from an
average of less than three papers per year between 1992 and 2005 to a mean of
15-7 per year over the following 6 years [Thomson-Reuters ISI Web of Knowl-
edge (http://wokinfo.com/) on 23 March 2011 using ‘whale shark’ and ‘Rhincodon
typus’ as key words]. A peak in the number of papers occurred following the first
international whale shark conference in Perth, WA, Australia (Irvine & Keesing,
2007).

Since R. typus were first identified in Table Bay, South Africa (Smith, 1828),
Gudger (1934) has published the highest number of peer-reviewed papers on the
species, mainly describing occurrences in Florida, the Gulf of California (Sea of
Cortés), Seychelles, Galapagos, Hawaii, The Bahamas and the Caribbean Sea. Gudger
(1932, 1934) was also the first to attempt to portray R. typus migratory behaviour
partially as a function of ocean current patterns. Iwasaki (1970) attempted to sur-
mise the distribution of R. fypus based on data collected by Japanese tuna fishing
vessels, from which he concluded that their occurrence around Japan was seasonal
and depended mainly on the behaviour of the Kuroshio Current, temperature and
prevailing winds. Uchida (1984) suggested that R. fypus are regular in their annual
appearance on the east coast of Taiwan, but that seasonality in presence on the
west coast depended on temperature. Later, Taylor (1996) published the first paper
describing the regular autumn aggregation of R. typus at Ningaloo Reef, Australia,
and associated it with possible zooplankton blooms following the coral spawn. Since
then, Ningaloo Reef has been the site of the most targeted studies (Fig. 1), even if
much research has been done elsewhere relating mainly to occurrence, movement,
tourism, mortality and feeding behaviour (Fig. 1; Table SI, Supporting Information).
Few data are available on R. typus life-history traits such as reproduction (Joung
et al., 1996; Chang et al., 1997; Schmidt et al., 2010) and growth (Pauly, 1997;
Wintner, 2000) or morphology and physiology (Wilson & Martin, 2001; Yopak &
Frank, 2009; Dove et al., 2010), which reflects the difficulty in obtaining specimens
for detailed examination and measurement. From the summary of recent studies per
site (Fig. 1; Table SI, Supporting Information), the following trends emerge: (1)
knowledge of R. typus ecology is most advanced in the Indian Ocean, and (2) simi-
lar work has been done in different locations worldwide, but (3) mostly at the scale
of individual aggregations.

Recent genetic studies (Castro et al., 2007; Schmidt et al., 2009) provide the only
clue so far that the world’s R. typus populations are connected via dispersal occurring
during some stage of the life cycle. There has been no effort so far, however, to
synthesize all the disparate information available into a conceptual model of dispersal
and population connectivity, even after the conservation of R. typus was highlighted
as requiring both ‘regional cooperation and conservation initiatives’ (Rowat, 2007).
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FiG. 1. Graphical illustration of the number of representative Rhincodon typus studies (since 1997) grouped by
occurrence, population and correlates for occurrence (M), movement (M), tourism and conservation (W),
mortality () and foraging ('), in different locations worldwide (see Table I, Supporting Information).

GLOBAL OCCURRENCES

The first 76 recorded R. typus occurrences worldwide were compiled in the early
1930s by Gudger (1932). He suggested the Sulu Sea (between southern Philippines
and northern Borneo) as the single location from which all R. typus originate, dispers-
ing from there depending on environmental conditions (Gudger, 1934). Subsequently,
Wolfson & Notarbartolo-di-Sciara (1981) counted 345 records worldwide (including
repeat sightings) until 1980. Currently, R. fypus have been recorded in the three
major oceans spanning the Equator and have been seen, even if only occasionally,
near the shore of more than 100 countries in five continents (Fig. 2; Compagno,
2001; Martin, 2007; Rowat, 2007; Stacey et al., 2008).

Although existing photo-identification libraries have yet to report a match
from R. typus seen at distant locations, there is some evidence for short-distance
movements. This is the case for resighting of the same fish in Gladden Spit (Belize),
Isla Contoy (Mexico) and Utila (Honduras) (Graham & Roberts, 2007), and a
resighting in Mozambique of a R. typus tagged in the Seychelles 11 months earlier
(Rowat & Gore, 2007).

Peaks in R. typus occurrence appear to happen synchronously in different locations
around the world (Table I). For example, in January they occur off KwaZulu-Natal
(South Africa), Djibouti and Christmas Island (Australia); in March to May, they
occur at Gladden Spit (Belize), Gujarat (India), Ningaloo (Australia) and around the
Philippines; in August to October, R. typus have been reported in Portugal (around the
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FiG. 2. Compilation of worldwide Rhincodon typus occurrences from Compagno (2001), Martin (2007), Stacey
et al. (2008) and Rowat (2007) showing latitudinal range (---) overlaid with the TUCN (Norman, 2012)
distribution (7). m, <1 m total length (Lt) sex not specified; m, <l m Lt males; s, I m Lt females; m,
1-3m Lt sex not specified; m, ¢. 5m Lt males (Djibouti); B, ¢c. 7m Lt sex not specified; B, ¢. 7m Ly
males; M, c. 7m Lt females (mostly; square size increases with increase in Lt); B, 46 cm Lt (smallest
R. typus); [®, groups of juveniles (> 10 individuals); %, the sighting of pregnant female >10m Lt with
300 embryos (Joung et al., 1996); e, long-term (1980—2010) R. typus sightings from tuna fisheries.

Azores), Mozambique, Seychelles and Gulf of California, Mexico. When examining
the timings over several years, however, a pattern of sequential monthly peaks at
neighbouring locations emerges (Table I).

A highly skewed sex ratio is common in certain aggregations (e.g. Ningaloo, Sey-
chelles, Mozambique and Belize) where mostly immature males are found (Meekan
et al., 2006; Graham & Roberts, 2007; Rowat et al., 2011). Rowat et al. (2011)
provided some evidence for size segregation, stating that individuals observed in the
Djibouti aggregation (mainly immature males) are smaller than those from the Sey-
chelles (and other locations in the Indian Ocean). They suggested that the Djibouti
population might be a ‘staging’ group for other regional aggregations (i.e. segrega-
tion might therefore be another feature contributing to migration among sites). In
the Gulf of California (Mexico), R. typus can be segregated both by sex (Eckert &
Stewart, 2001) and size, with larger adult females mainly seen in the southern part
of the Sea of Cortés (Ramirez-Macias et al., 2007).

Smaller R. typus (<2-5-3m Lt) have been observed only rarely (Colman, 1997)
and almost all neonates reported so far have been caught as by-catch in purse-
seine fisheries (Wolfson, 1983). The smallest neonate ever recorded (46 cm Lt) was
recently found swimming freely in Sorsogon, Philippines (Aca & Schmidt, 2011),
and the only fertility data available for the species are derived from a single, 10-6 m
Lt female caught off Taiwan containing 300 ‘ready-to-be-born’ embryos measuring
58—64 cm (Joung et al., 1996).

TRACKING STUDIES

Gunn et al. (1999) and Eckert & Stewart (2001) published the first R. typus
tracking results derived from satellite tags deployed at Ningaloo Reef (Western
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Australia) and the Sea of Cortés (Gulf of California), respectively. Despite the >3000
data-logging and satellite tags deployed to date (www.whaleshark.org, consulted 5
August 2011), only 109 R. typus tracks are publicly available (Tables 1I-1V), with
only 75 published in peer-reviewed papers.

Most of the tracking results available are from the Indian Ocean (47 tracks),
with Ningaloo being the main tagging location. Next was the Pacific Ocean from
where 30 tracks have been published (16 starting at the Sea of Cortés and 14 from
the Galapagos Islands), followed by 22 in the Atlantic Ocean deployed mostly in
Belize, and finally 10 in the Indo-Pacific Ocean area (from the Philippines, Malaysia
and Taiwan). The sex ratio of these tracked individuals is 33 females, 31 males
and 45 unknown (Tables II-1V). Average track duration is c. 90 days, although they
range from only a few hours (Gunn et al., 1999) to >3 years (Eckert & Stewart,
2001), with ¢. 30% of the tracks lasting <1 month and only two lasting >9 months.
Distances travelled ranged from 4 to 12620 km (mean c. 1545 km), with only 10 R.
typus travelling >2000 km.

Compiling all published tracks at a global scale (Fig. 3) shows that the current
information on R. fypus movement range and habitat use is still highly scattered. In
the Atlantic Ocean, for example, there are tracks in the area of the Gulf of Mexico
(Gifford et al., 2007) that confirm the link between Honduras, Belize and Mexico
suggested by Graham & Roberts (2007). There is also a >7000 km track from a tag
deployed at Quintana Roo (Mexico) finishing in the central Atlantic Ocean south of
the Saint Peter and Saint Paul Archipelago, Brazil, ¢. 5 months later (Hueter ef al.,
2008). There are no tracks available, however, from locations in the eastern Atlantic
Ocean where R. typus have been reported (e.g. Portugal or the west coast of Africa;
Fig. 2). In the Indian Ocean, existing tracks link different aggregations. This is the
case for South Africa and Mozambique (Gifford et al., 2007), Mozambique and
Madagascar (Brunnschweiler ef al., 2009), United Arab Emirates and Qatar (MML,
2010) and Ningaloo with Timor, Indonesia and Christmas Island (CSIRO, 2005;
Wilson et al., 2006; Wilson et al., 2007). There is also a 60 day track suggesting
a connection between Seychelles and Sri Lanka (Rowat & Gore, 2007), although it
was inferred on the basis of only one transmission obtained after an inactive period
of 1-5 months (represented as a straight line in Fig. 3). Likewise, the tags deployed in
western Philippines (Eckert et al., 2002) show a possible connection with Malaysia
and south Vietnam, while R. typus tagged in Taiwan (Hsu et al., 2007) reached
waters off east Philippines.

Several tags deployed in the Gulf of California (Eckert & Stewart, 2001) showed
that most R. typus remain in the Sea of Cortés; however, four left the gulf and one
was reported to have travelled almost 13 000 km from the east to the west Pacific
Ocean in 1144 days (<37 months). Eckert & Stewart (2001) asserted that due to data-
storage limitations, R. typus with longer tracks (and not surfacing regularly enough to
transmit stored data) were located less frequently. Rhincodon typus, however, spend
most of their time at the surface (Wilson et al., 2006; Sleeman et al., 2010a, b),
so such long periods without surfacing for satellite position acquisition are unlikely.
For this reason, the 37 month track with an atypically straight trajectory, lack of
surface intervals and unprecedented rate and magnitude of travel should be deemed
biologically unrealistic (e.g. it is more likely that the satellite tag had detached and
was floating passively with the currents). Recently, some tags deployed near the
Galapagos (Table IIT and Fig. 3) have revealed that most R. typus head west after
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TaBLE II. List of published Rhincodon typus tracks from the Indian Ocean

Duration Distance Mean speed
Tag Ly (m) Sex Tagging date Pop-up date  (days) (km) (km day—1)
South Africa — Cape Vidal (Gifford et al., 2007)
1* 7 F 08.03.1998 25.03.1998 17 199 -
2% 7 M 25.10.1998 01.11.1998 7 90 -
3% 8 M 23.01.1999 25.01.1999 <3 65 -
Mozambique — Tofo (Brunnschweiler et al., 2009)
4% 6-7 F 18.02.2006 16.5.2006 87 1200 312
Madagascar — Nosy Be (Graham et al., 2008)
5 - - 5-12.12.2005 15.04.2006 - - -
6 - - 5-12.12.2005 07.02.2006 - - -
7 4 M  5-12.12.2005 24.11.2005 - - -
8 8 F  5-12.12.2005 19.12.2005 - - -
9 - - 5-12.12.2005 15.03.2006 - - -
Djibouti — Arta Beach (Rowat et al., 2007)
10 3 M 22.01.2006 31.01.2006 9 - 10-1
The Gulf (MML, 2010)
11* 4.2 F 18.03.2010 20.04.2010 33 - -
Seychelles — Mahe (Rowat & Gore, 2007)
12% 5-0 - 02.09.2001 17.10.2001 46 142274 33-1 (max)
13%* 7-0 - 25.10.2001 12.11.2001 19 502-10  23-8 (max)
14* 6-5 M 25.10.2001 23.12.2001 60 338262  56-9 (max)
Australia — Ningaloo
15% - - 28.03.1994 - <1 - 60-5
162 - - 29.03.1994 - <2 - 513
17* - - 06.04.1997 - <2 - 64-8
18% - - 10.04.1997 - <1 - 73-5
19%b 7-0 F 22.04.2002 17.07.2002 85 3130 36-0
20%b 4.2 M 05.05.2005 29.09.2005 147 - -
21%b 4.0 F 06.05.2005 19.09.2005 136 - -
20%b 7-5 - 05.05.2005 30.08.2005 118 - -
23%b 4.2 M 07.05.2005 10.06.2005 34 - -
24xb - - 02.05.2005 10.06.2005 39 - -
25%b 4.2 - 06.05.2005 04.06.2005 29 - -
26%P 73 M 28.06.2005 31.07.2005 33 1740 52-8
27°¢ 8-0-10-0 F 02.05.2003 10.05.2003 8 85 -
28¢ 6-0 F 03.05.2003 04.05.2003 1 16 -
29¢ 4.5 F 05.05.2003 - - - -
30%¢  6-0-8-0 - 05.05.2003 11.11.2003 191 942 -
31°¢ 4.5 M 03.05.2004 03.05.2004 0 4 -
32¢ 85 F 03.05.2004 03.05.2004 0 7 -
33¢ 7-5 F 03.05.2004 07.05.2004 4 93 -
34¢ 4.7 F 04.05.2004 - - - -
35¢ 4.5 F 04.05.2004 - - - -
36%°¢ 11-0 F 04.05.2004 31.08.2004 119 1302 -
37¢ 73 F 04.05.2004 - - - -
38#¢ 4.7 - 05.05.2004 24.11.2004 203 673 -
39¢ 7-6 F 05.05.2004 - - - -
40°¢ 5:6 F 07.05.2004 - - - -
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TaABLE II. Continued

Duration Distance Mean speed
Number Lt (m) Sex Tagging date Pop-up date (days) (km) (km day~1)

41°¢ 7-6 F 07.05.2004 10.05.2004 3 16 -
42%C 62 F 08.05.2004  06.09.2004 119 738 -
43%¢ 72 M 08.05.2004  04.07.2004 57 1501 -
44¢ 7-0 F 08.05.2004 - - - -
45%¢ 53 F 09.05.2004 11.12.2004 216 443 -
464 4-5 M 05.05.2005  29.09.2005 147 - -

Christmas Island (Australian Institute of Marine Sciencest)
47* 5 M 17.01.2008 14.04.2008 88 - -

L r, total length; F, female; M, male. *Tracks recreated and displayed in Fig. 3. 1Whale shark tagged
by M. G. Meekan (unpubl.). Superscript letters indicate the reference for each track where there are
multiple references for the same tagging location: *Gunn et al. (1999). °CSIRO (2005). *Wilson e al.
(2006). “Wilson et al. (2007).

congregating at this location, although the information available is still incomplete
(www.galapagoswhaleshark.com).

THE BIG PICTURE: FORMULATING GLOBAL HYPOTHESES

After collating all available R. fypus occurrences and tracking data, the question of
whether R. fypus are migrating across or within oceans remains unanswered. It must
be concluded therefore that such conventional methods to study R. fypus movement
are still of insufficient temporal and spatial coverage to provide useful conclusions
at the ocean-basin scale. A different approach by shifting research from a local to a
global perspective is proposed.

The Indian Ocean is the region from which most R. typus data have been collected;
therefore, it is the best region in which to begin formulating hypotheses regarding
R. typus movement patterns. Some locations are known to be linked via direct
observation such as Mozambique and Seychelles (Rowat & Gore, 2007) or Ningaloo
and Christmas Island (Fig. 3). It is clear that appearance timings occur sequentially
(Table I). Therefore, it is hypothesized that at least some R. fypus move in a general
clockwise pattern from the south-west (KwaZulu-Natal) in January, to the south-east
Indian Ocean (Ningaloo) in March over c. 2 years. According to Eckert & Stewart
(2001), the mean pace at which R. typus travel varies from c¢. 2 to 30kmday~',
with greater horizontal distance covered when closer to the surface. Average speeds
of around 30 kmday~! have also been reported by others (Eckert et al., 2002; Hsu
et al., 2007; Rowat & Gore, 2007; Hueter et al., 2008; Brunnschweiler et al., 2009),
while faster speeds have been reported for short-term movements (Gunn ef al., 1999).
Assuming constant travel speeds, a dominance of surface swimming and otherwise
ideal conditions, a R. typus moving at ¢. 30kmday~! would be able to travel >10
000 km year~!, approximately the distance between South Africa and south-western
Australia. Using this logic, 2 years to complete the longer clockwise migration from
South Africa to Ningaloo is biologically plausible.
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TaBLE III. List of published Rhincodon typus tracks from the Pacific Ocean and Indo-Pacific

Ocean area
Duration Distance Mean speed

Number Lt (m) Sex Tagging date Pop-up date (days) (km) (km day~—!)
China—Hainan (MCSS, 2009)
1* - M 28.06.2009  31.07.2009 33 - -
Taiwan (Hsu et al., 2007)
2% 4.5 M 08.04.2002  01.11.2002 208 5896 28-3
3 4.2 F 17.04.2002 - - - -
4% 4.2 M 13.11.2002  28.02.2003 108 3732 34-6
5% 4.0 M 09.04.2004  01.08.2004 114 3121 28-4
Philippines — Salay (Eckert et al., 2002)
6 7 - 05.02.1997 - 10 900 189
7* 3 - 18.02.1997 02.05.1997 73 1567 319
Philippines — Donsol (Eckert et al., 2002)
8* 5 - 23.02.1997 03.03.1997 8 54 13-7
Malaysia — Usukan Island (Eckert et al., 2002)
9% 7 - 03.02.1997 9.02.1997 6 220 6-9
10* 7 - 05.02.1997 12.06.1997 127 8025 23.3
11* 7 - 05.02.1997 15.02.1997 10 900 189
Gulf of California — Sea of Cortez (Eckert and Stewart, 2001)
12* 3.7 F 06.10.1994  07.10.1994 1 57-5 -
13* 4.6 - 22.09.1994 14.10.1994 22 - -
14* 3.0 F 19.09.1994  06.10.1994 17 320-3 217
15 4.6 - 20.09.1994 - 17 31.7 3.2
16* 4.3 - 20.09.1994  29.10.1994 39 8183 23.5
17 4-0 - 23.09.1994 - 5-7 23.3 84
18 4.0 - 07.10.1994 - 1 11-2 -
19* 6-1 F 10.09.1995 22.09.1995 12 404-6 23-6
20* 3.7 - 10.09.1995 13.09.1995 3 85 111
21* 71 - 12.09.1995 26.11.1998 1144 12620-0 17-1
22% 3.7 F 10.09.1995 28.09.1995 18 46-3 2-0
23* - - 09.09.1995 07.10.1995 28 199-6 -
24 15-0 F 20.06.1996 - 111 2863-6 28-8
25% 18-0 F 19.06.1996  20.07.1996 30 206.8 18.2
26* - F 19.06.1996 15.04.1998 665 7762 23.3
Galapagos — Total of 14 tracks (Green, 2011)
27* - - 07.2011 - - - -

L 1, total length; F, female; M, male.*Tracks displayed in Fig. 3.

Once in Ningaloo, although the strength of the southward-flowing Leeuwin Current
along the western coast of Australia might influence the degree to which they pene-
trate southward, previous tagging results show that the predominant movements are
northward towards Indonesia, and then either westward or eastward (Fig. 3; CSIRO,
2005). Tagging data show that R. fypus take c. 5months to return to the central
Indian Ocean (passing near Christmas Island much earlier than the seasonal peak in
abundance) and c. 4 months to travel east as far as East Timor. Although peaks of
occurrence are not published for the southern areas of the Malay Archipelago and
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TaBLE IV. List of published Rhincodon typus tracks from the Atlantic Ocean (Gulf of
Mexico)

Duration Distance Mean speed
Number Lt (m) Sex Tagging date Pop-up date (days) (km) (kmdayfl)

Belize—Gladden Spit (Graham et al, 2006)

1 55 M 23.04.2000 07.05.2000 14 - -
2 3.6 M 23.04.2000 02.06.2000 40 - -
3 9.7 M 11.04.2001 15.10.2001 188 - -
4 6-7 M 11.04.2001 Removed 248 - -
5 6-7 M 21.04.2000 06.05.2000 14 - -
6 55 - 25.04.2000 08.08.2000 105 - -
7 55 - 25.04.2000 15.06.2000 40 - -
8 52 M 16.03.2001 31.07.2001 127 - -
9 6-7 M 11.04.2001 30.06.2001 187 - -
10 52 M 11.04.2001 - 163 - -
11 55 - 10.05.2001 03.07.2001 249 - -
Honduras—Utila (Gifford et al., 2007)

12%* 8-0 M 18.02.1999 29.06.1999 132 - -
13%* 8-0 M 31.12.1999 31.01.2000 31 - -
U.S.A.—Florida (MML, 2010)

14%* 7-5 F 28.05.2010 20.08.2010 84 - -
15* 7-5 M 18.06.2010 04.10.2010 108 - -
Mexico—Quitana Roo (Hueter et al, 2008)

16* 6-0 M 31.08.2005 01.10.2005 31 889 28-7
17* 55 M 02.09.2005 01.10.2005 29 260 9.0
18%* 7-0 M 23.07.2006 27.12.2006 157 970 62
19* 8-0 M 13.09.2006 22.10.2006 39 712 18-3
20%* 7-0 F 13.09.2006 25.11.2006 73 1027 14-1
21% 8-0 F 14.09.2006 10.01.2007 118 371 3-14
22% 7-5 F 31.08.2007 24.01.2008 150 7213 48-1

L 1, total length; F, female; M, male. *Tracks displayed in Fig. 3.

Timor, R. typus are found occasionally in the Coral Sea, c¢. 4—5 months after the
Ningaloo peak (Table I). From the Coral Sea, environmental conditions are probably
influential on the patterns of subsequent movement. Either they (1) move farther south
towards the north coast of New Zealand (surpassing 35° S) where their occurrence
peaks in February (Dufty, 2002), (2) return to the Indian Ocean or (3) migrate east-
ward [R. typus are occasionally seen around the islands of the south-west and central
Pacific Ocean (Compagno, 2001; and data collected by purse-seine fisheries; Fig. 2)].

In the central Indo-Pacific Ocean, R. typus tracked from Taiwan travelled close
to the Philippines even outside the peak abundance season (March and June). Eck-
ert et al. (2002) tracked R. typus from the Philippines in February, from where
they travelled west passing Malaysia and South Vietnam towards the Gulf of Thai-
land in c. 4-5 months. There are many routes that potentially link the Pacific and
Indian Oceans in the Malay Archipelago (e.g. Andaman and Java Seas), such that
R. typus can cross over to the Indian Ocean towards Christmas Island or the north
of Australia.
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FiG. 3. Global overview of published Rhincodon typus tracks (—, Gulf of California; —_, Galapagos; —,
Gulf of Mexico; , The Arabian Gulf; —, Seychelles; , South Africa—Mozambique; —, Ningaloo
(Western Australia); —, Christmas Island; —, Hainan (China); —, Taiwan; —, Philippines—Malaysia).
Colour code indicates area of tag deployment. Tracks adapted from original sources as detailed in
Tables II-1V.

From a temporal perspective (Table I), there are no obvious paths from eastern
locations in the Indian Ocean to the west through to Bangladesh. This leads to the
hypothesis that R. typus could swim straight towards the Maldives (as was the case
for a R. typus tagged off Ningaloo moving far into the central Indian Ocean). This
would also be consistent with the lower numbers of R. typus sighted on the eastern
coast of India compared to the western coast (Pravin, 2000). Additionally, R. typus
could also move from the Maldives through to the Seychelles and then to South
Africa based on observed temporal patterns of occurrence (Table I).

For population connectivity to be available between the Indo-Pacific and Atlantic
Oceans, R. typus would need to travel through the Cape of Good Hope, South
Africa. Beckley et al. (1997) suggested that R. typus strandings on the east coast of
South Africa might be associated with the changes in temperature associated with
the Agulhas Current from the Indian Ocean mixing with the cold water upwelled by
the Benguela Current in the south-east Atlantic Ocean. Beckley et al. (1997) also
stated that stranded animals were generally small, which suggests that only larger
animals would survive the crossing from the Indian to the Atlantic Oceans. The
greater thermal inertia of larger R. typus might allow them to move in the southern
Atlantic Ocean until they reach the warmer waters of, for example, Gabon (peak of
occurrences registered by purse-seine fisheries in the Atlantic; Fig. 2), or the region
around the Brazilian Saint Peter and Saint Paul Archipelago where R. typus are
observed year-round, but mainly during the first semester with a peak in June (Hazin
et al., 2008), 6 months after the peak in South Africa.

Within the entire Atlantic Ocean, there are tracks available mostly for the areas
of the Gulf of Mexico and Caribbean Sea that show some linkages between the
aggregations of Central America (Fig. 3). This suggests that there is a single meta-
population here. The odd long track starting from Mexico in August and finishing
south of the Saint Peter and Saint Paul Archipelago in January suggests that R. typus
from this Central American population can travel great distances within the Atlantic
Ocean. Year-round sightings of R. typus in the archipelago outside of peak months
(Hazin et al., 2008) hint at the possibility of a trans-Atlantic Ocean thoroughfare.
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Because the occurrence of R. typus in the Azores in the eastern Atlantic Ocean
is seasonal (mostly at the end of August and September) and does not occur every
year (M. Machete & P. Afonso, pers. comm.), it is possible that R. typus travel
there only when environmental conditions (especially water temperature) are most
suitable (Sa, 2008). The Azores Current, flowing south of the Azores Archipelago
(where most R. typus are spotted by tuna fisheries), originates from the Gulf Stream
(Klein & Siedler, 1989). When the Gulf Stream is strong, the warmer-than-usual
waters near the Azores might encourage more northerly forays (Sa, 2008). It is
therefore hypothesized that individuals travelling to the Azores might originate from
the Gulf of Mexico. Rhincodon typus are also occasionally seen in the Madeira
Islands (Portugal) to the south-east of the Azores (Wirtz et al., 2008). Because water
temperatures in these parts of the Atlantic Ocean are generally cooler, movements
towards the warmer southerly waters closer to the Equator near the Saint Peter
and Saint Paul Archipelago and West Africa would be more typical, a prediction
supported by observation from fishing fleets in those areas.

Breeding within the Atlantic Ocean is supported by the discovery of a single
neonate (58 cm Lt) specimen inside the stomach of a captured blue shark Prionace
glauca (L. 1758) (Kukuyev, 1996; Martin, 2007). Other neonates have been caught
near the Equator in this ocean (Wolfson, 1983) and an egg case was found in the
Gulf of Mexico in the early 1950s (Baughman, 1955). Neonates have also been
found in the eastern Pacific Ocean (Wolfson, 1983), where large adult females are
often observed (Eckert & Stewart, 2001). Although more is known about R. fypus
inhabiting the Indian Ocean, only two neonates (<1 m) have ever been reported there
(Rowat et al., 2008). Despite young juveniles (c. 1 m Lt) occasionally observed
swimming with larger individuals (Pillai, 1998), most of the Indian Ocean aggrega-
tions comprise mainly of immature males, which makes it unlikely that the region
includes a permanent breeding area. If there is a nursery in the Indo-Pacific Ocean
area (e.g. around the Philippines), and if R. fypus are able to cross to the Indian
Ocean, small juveniles could potentially occur in the latter even in the absence of a
nursery.

Notwithstanding these hypothetical linkages, R. typus is known to often return to
the same aggregation at least semi-annually (e.g. Maldives and Ningaloo; Meekan
et al., 2006) based on photographic matching (Speed et al., 2007). Such repeat
sightings do not support the notion that all individuals regularly travel around ocean
basins over 2—4 yearcycles. It is hypothesized instead that although R. fypus can
travel over entire or even between ocean basins, many (perhaps most) remain close
to single aggregation sites for several months or years. For example in the Maldives,
R. typus might remain in the general area, travelling west (December to April) to
east (May to November) of the islands over one or more years (Table I), or extend
the travelling farther from Gujarat (north-west side of India) to west of the Maldives
in the first half of the year, and then east of the Maldives and Tamil Nadu (east of
India) in the second. From here, they would have the option to move east (e.g. to
Bangladesh in December) or back to the west of the Maldives, south India and Gujarat
(Table I). This back-and-forth movement around India and the Maldives accords with
the higher resighting rate in the Maldives relative to other nearby locations (Riley
et al., 2010). Other examples of these hypothesized shorter migration routes and
possible populations are depicted in Fig. 4.
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FiG. 4. Rhincodon typus migration patterns depicting probable sub-populations (<), possible links between
sub-populations (aggregations; --»), movements revealed from tagging data (— ) and no current evidence
for a migratory pathway (dashed arrows), except the questionable 13 000 km track across the Pacific
Ocean from Eckert & Stewart (2001). ?, No information available on timings of occurrences or tracked
R. typus to assist in formulating hypotheses about movement patterns in the area.

FORESEEING CHANGE

The global distribution of R. typus lies predominantly within tropical and warm
temperate waters between ¢. 30° N and 30° S (Compagno, 2001; Last & Stevens,
2009). Since the late 1980s, however, individual R. typus have been observed at even
higher latitudes. Indeed, Wolfson (1986) recorded R. typus at latitudes of 41° N and
36-5° S, and more recently, Duffy (2002) reported them off New Zealand south of
35° S. One R. typus has even been sighted as far north as 44° N in the Bay of Fundy,
Canada (Turnbull & Randell, 2006). Rhincodon typus are also occasionally sighted
south of the Azores (c. 41° N), mainly by tuna fishermen (M. Machete & P. Afonso,
pers. comm.) and recently, many sightings (>400) have been made mainly around
the island of Santa Maria, Azores from June to September, probably in response to
an unusual pulse of warm water (Sa, 2008).

Rhincodon typus mainly stay within a narrow range of sea surface temperatures.
In the Sea of Cortés, most tracked individuals were in waters between 28 and
32° C (Eckert & Stewart, 2001); in the Seychelles, most were between 25 and 35°
C (Rowat & Gore, 2007); in the north-western Pacific Ocean, most were between 23
and 32° C (Hsu et al ., 2007) and for pelagic sightings derived from fisheries records,
>90% of 1185 records were in surface waters between 26-5 and 30-0° C (Sequeira
et al., 2012). If water temperature plays an important role in modifying R. typus
distribution, the rapid warming of the world’s oceans arising from anthropogenic
climate change (Hegerl & Bindoff, 2005) will probably affect their future distribu-
tion. Because R. fypus seem to avoid higher temperatures (e.g. around the Equator;
Sequeira et al ., 2012), poleward shifts are more probable than an overall expansion of
their current distribution. In addition to these expected distributional changes, shifts
in both abundance and distribution are expected from previous (Romanov, 2002;
Bradshaw et al., 2007) and ongoing (White & Cavanagh, 2007; Riley et al., 2009)
commercial fishing, potentially from excessive disturbance arising from ecotourism
at aggregation sites (Cardenas-Torres et al., 2007; Quiros, 2007; Rowat & Engel-
hardt, 2007; Pierce et al., 2010) and other human-related disturbances (Haetrakul
et al., 2007; WWEF, 2012).
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CONCLUSIONS

Despite ample evidence that R. typus are capable of long-distance travel, con-
firmed by genetic evidence that the world’s populations are connected at least at the
generational scale, it is known that many individuals spend long periods within the
immediate environs of particular locations. A conceptual model has thus been pro-
vided based on known movement patterns, aggregation timings and oceanic structure,
demonstrating how intra and inter-ocean movements might occur, even if they do
so rarely, and without non-genetic evidence yet to test the hypotheses. This lack of
evidence, however, does not counter the model. It mostly derives from the thousands
(i.e., not millions or tens of millions) of photographs used in photo-identification stud-
ies. Photo-matching is only semi-automated (e.g. I3S; Van Tienhoven et al., 2007),
thus limiting the probability of photographing migrating individuals, and making the
probability of resighting these individuals in other aggregations even smaller. More-
over, flank mismatch (right or left side only) can also limit the number of individuals
that can be compared.

Viewing R. typus ecology from a global perspective therefore engenders many
related hypotheses that can be tested as technology improves and genetic evidence is
refined, and it isolates the most important questions to determine the long-term con-
servation status of this species. A natural progression of the global movement model
is the construction of a broad-scale population model that connects sub-populations
on the basis of inferred demographic and movement rate data. Application and con-
tinual refinement of biologically plausible rates will further hone the global model
and its predictions, thereby unfolding key aspects of the species’ cryptic life history
so that research can target the most relevant aspects. It is clear that more data are
required from locations close to key aggregation sites where hypothesized connec-
tions can be validated. Tagging and photographic identification data within these
regions should be prioritized on the basis of their putative connections predicted
under the global model. For example, areas such as Madagascar, the Seychelles and
Tanzania, or the Philippines, Malaysia and Gulf of Thailand require much broader
research coverage to validate the existing hypotheses of connectivity.

Tagging studies should also target many R. fypus within the same aggregation
to chronicle the highest number of potential movement patterns (Eckert & Stew-
art, 2001; Wilson et al., 2006), and tags should be deployed as close to the end
of the peak aggregation season as possible to maximize the potential for measuring
long-distance trajectories, especially given the short monitoring periods characteris-
tic of such studies (Hammerschlag et al., 2011). Other improvements to maximize
monitoring time include the application of anti-fouling paint to tracking equipment
(Hammerschlag et al ., 2011), using Fastloc GPS technology (Hays et al., 2007) and
switching from steel to copper saltwater switches used to improve the efficiency of
duty cycling (Hays et al., 2007). Improvements in tag attachment methods are also
needed to prevent premature detachment (Brunnschweiler ef al., 2009).

Another important consideration when describing migratory patterns is that longer
migrations might reflect sex and age-specific behaviour. Indeed, three of the five
R. typus tracks exceeding 3000km (excluding the longer track from the Pacific
Ocean and the juveniles tracked off Taiwan) were large females (c. 7m) (Fig. 3).
As suggested previously, female natal philopatry might result in long migrations
only for the purposes of occasional breeding (Ramirez-Macias et al., 2007). This
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sort of sex-specific behaviour would also explain the high resighting rates in some
aggregations dominated by immature males. While a similar number of males and
females tracks have been published to date, different size classes (<6 or >6m) have
different average track lengths (250 and 1240 km, respectively where information on
sex is available). Of course, there are exceptions to this trend; some juveniles tagged
in Taiwan had tracks >3000 km although they remained resident (Hsu et al., 2007).
More tracking studies of longer duration will assist in describing these stage-specific
movement trends and capacities.

Given the large distances between some of the known aggregations, another way to
refine knowledge of this species is to profit from the opportunities provided by certain
pelagic fisheries. Expansive commercial fisheries (e.g. tuna purse seiners) do release
R. typus that are accidentally captured or encircled by their nets. Tagging endeavours
associated with these releases could potentially provide the data necessary to estimate
vital rates and a better description of pelagic movement patterns. Further, focussing
tag deployments and tissue collections near potential thoroughfares, such as those
hypothesized under the present model like the Saint Peter and Saint Paul Archipelago
and Christmas Island, would probably increase the probability of capturing pan or
trans-oceanic movements.
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