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EXECUTIVE SUMMARY 

 This project aims to: (1) Review current monitoring methods and highlight viable data 
collection and analysis techniques (2) Develop new protocols for genetic analysis to assist 
in understanding the population structure of whale sharks at Ningaloo Reef. (3) Use 
photo-identification techniques as a basis for mark-recapture and demographic analyses of 
population and stock structure (4) Use satellite tagging techniques to document migration 
and diving patterns and to compare these to environmental variables such as water 
temperature and ocean productivity (5) Analyse historical databases of whale shark 
sightings provided by ecotourism operators to determine how abundances of sharks are 
influenced by oceanographic phenomena and trends in population composition and 
abundance through time. 

 The project is an international collaboration among staff from AIMS, Charles Darwin 
University, University of Adelaide, South Australian Research and Development Institute, 
CSIRO, NOAA, Hubbs Seaworld, the University of Texas and the University of Perpignan 
(France). 

 The results described in this report have been obtained from field work undertaken at 
Ningaloo Reef, Western Australia during April-May in 2004-2007. This project is ongoing 
with the next scheduled field work in April-May 2008. 

 Development of microsatellite markers for genetic tagging proved to be a far greater 
technical challenge than was originally anticipated and took 24 months to complete.  A 
full library of markers is now available and work has commenced on collating and 
processing genetic samples from the Ningaloo Reef and other Indian Ocean populations. 

 We contributed to a worldwide study of the genetics of whale sharks. There was an 
absence of population structure across the Indian and Pacific oceans indicating that 
oceanic expanses and land barriers in Southeast Asia are not impediments to whale shark 
dispersal. We did, however, find population structure (AMOVA, FST=0.153, P<0.001) 
between the Atlantic and Indo-Pacific ocean basins. 

 The global pattern of shared haplotypes in whale sharks is a compelling argument for 
development of broad international approaches for management and conservation of 
whale sharks. 

 We assessed the use of open-access software for automated matching of photo-
identification images of whale sharks. We developed an information criterion (IC) 
algorithm that resulted in a parsimonious ranking of potential matches of individuals in an 
image library. 

 The software provided accurate and reliable image matches. 

 We used the 12-year photographic identification library of whale sharks from Ningaloo 
Reef to construct Cormack-Jolly-Seber estimates of survival within a capture-mark-
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recapture framework. Of the 16 model combinations considered, 10 (63 %) indicated a 
decreasing population. 

 Assuming relatively slow vital rates, size-biased survival probabilities suggest the Ningaloo 
Reef population of whale sharks is declining, although more reproductive data are needed 
to confirm this conclusion. 

 We interrogated the photo-identification data bases focusing on potential threats to this 
species. We recorded scars on whale sharks in three Indian Ocean aggregations 
(Australia, Seychelles and Mozambique), and examined whether scarring (mostly 
attributed to boat strikes and predator attacks) influences apparent survival rates using 
these photo-identification libraries. 

 Scarring was most prevalent in the Seychelles aggregation (67 % of individuals). Predator 
bites were the most frequent source of scaring (aside from minor nicks and abrasions) 
and 27 % of individuals had scars consistent with predator attacks. A similar proportion 
of sharks had blunt trauma, laceration and amputation scars, the majority of which 
appeared to be caused by ship strike. Predator bites were more common (44 % of 
individuals) and scars from ship collisions were less common at Ningaloo Reef than at the 
other two locations. 

 We found no evidence for an effect of scarring on apparent survival for the Ningaloo or 
Seychelles populations 

 We conclude that while scarring from natural predators and smaller vessels appears to 
be unrelated to whale shark survival, the effects of deaths related to ship strike need to 
be quantified to assist in future management of this species. 

 Ongoing work aims to quantify the extent of interchange among three major whale shark 
aggregations, representing the approximate eastern- (Ningaloo) and western-most 
(Seychelles, Mozambique) extent of the distribution of whale sharks within the Indian 
Ocean 

 Satellite tagging of whale sharks has aimed to determine not only the migratory pathways 
of whale sharks, but to also understand the mechanisms by which these long distance 
voyages take place. 

 We validated location estimates from Pop-up archival Satellite Tags (PSAT), by attaching 
two PSATs and one Argos satellite-linked transmitter (SAT tag) to one whale shark at 
Ningaloo Reef. Our findings support the use of archival light data from PSATs to 
reconstruct the large-scale movements of these animals. 

 Long distance (100-1000 km) migrations of sharks from Ningaloo were recorded by SAT 
tags in 2005, 2006 and 2007. Tracks from these tags show that the Ningaloo population 
of sharks is part of a wider Indian Ocean stock that is likely to encompass much of the 
south eastern Indian Ocean and the waters of South East Asia. 
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 We used these tracks to investigate how migratory patterns of whale sharks were 
influenced by geostrophic surface currents. This was done by utilizing a passive diffusion 
model parameterised with observed whale shark starting positions and weekly maps of 
surface current velocity and direction (derived from altimetry). Our results indicate that 
whale sharks departing from Ningaloo are likely to use active locomotion in their 
migration, rather than surface currents to passively drift. 

 SAT tags also record and transmit information about diving behaviour by whale sharks. 
This allowed us to investigate how whale shark dive patterns during long distance 
migrations were linked with ocean temperatures and dissolved oxygen levels by 
overlaying 3-dimensional satellite tracks of tagged sharks with oceanographic data. 

 Whale sharks appear to  selectively dive within water bodies of warm temperatures 
(24.01 < 30 ˚C) and high levels of dissolved oxygen  (4 < 5 ml l-1) for the majority of dives 
(usually >60%).  This pattern of habitat selection may relate to physiological limitations of 
large aquatic poikilotherns and energetic conservation mechanisms. 

 Ongoing work includes analysis of SAT tag tracks from tags deployed in 2006 and 2007. 
In two instances, SAT tags were recovered from beaches at Ningaloo after they had 
detached from the animal. This allowed the detailed (every 2 sec) records held in the 
archive of the tag to be downloaded (while attached the tags only transmit summary 
information to satellites). These are now being compared with oceanographic data 
collected by Acoustic Doppler Current Profilers and water temperature loggers deployed 
by AIMS at Ningaloo. 

 A summary of migration tracks and diving behaviour obtained from the 43 PSAT 
deployments on sharks from 2002-2007 is also currently in preparation.  A PhD student 
will commence a detailed analysis of the dive records from these tags in April 2008. 

 Seasonal observations of whale shark abundance recorded by ecotourism operators at 
Ningaloo Reef from 1995-2004 provide a historical data set that can be used to 
investigate temporal patterns in abundance of whale sharks in relation to oceanographic 
phenomenon and decadal trends in population composition and size. 

 The SOI positively influenced whale shark abundance such that during La Niña years, 
more sharks were sighted, and fewer were recorded during El Niño years. This may 
reflect changes in the strength of oceanographic processes such as the Leeuwin Current 
in response to the Southern Oscillation, which may act to transport sharks to the region 
and/or affect their prey by driving productivity events. 

 Analysis of ecotourism records shows that mean shark length declined linearly by nearly 
2.0 m and relative abundance measured from ecotourism sightings (corrected for 
variation in search effort and environmental stochasticity) has fallen by approximately 40 
% over the last decade. 
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 This population-level result confirms previous predictions of population decline based on 
mark-recapture estimates of survival. The majority of these changes are driven by 
reductions in the number of large individuals in the population. 

 These reductions have occurred despite the total protection of whale sharks in 
Australian waters. As this species is highly migratory, the rapid change in population 
composition over a decade (< 1 whale shark generation) supports the hypothesis of 
unsustainable mortality in other parts of their range (e.g., ship strike and over-fishing), 
rather than the alternative of long-term abiotic or biotic shifts in the environment. As 
such, effective conservation of whale sharks will require international protection and 
collaborative tagging studies to identify and monitor migratory pathways. 
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1.  INTRODUCTION 

1.1  BACKGROUND 

Whale sharks (Rhincodon typus Smith 1828) are the largest fish in the world (> 12 m) and the 
only member of the family Rhincodontidae (1994). Like the basking (Cetorhinus maximus) and 
megamouth sharks (Megachasma pelagios), the whale shark feeds primarily on plankton. The 
species is distributed circum-globally in tropical and warm temperate seas (Compagno 2001) 
and is easily distinguished from other sharks by its large size and unique checkerboard pattern 
of white or yellow spots and stripes on a dark background (Compagno 2001). Like other 
sharks, whale sharks have a relative slow life history (Cavanagh et al. 2003), implying that they 
have extended longevity, are slow to reach sexual maturity and invest their reproductive 
effort in producing relatively few, large and well-developed offspring, (MacArthur & Wilson 
1967). These life history traits can often signify low productivity and poor recovery potential 
following over-exploitation (Smith et al. 1998, Walker 1998, Bradshaw et al. 2007). 

Another trait that confounds the issue of a slow life history is the highly migratory nature of 
whale sharks (Cavanagh et al. 2003). Whale sharks migrate thousands of kilometres (Eckert et 
al. 2002), which means there is the potential for this species to travel from waters where they 
are protected from harvesting to places where they are targeted by fisheries (Meekan et al. 
2006). Whale sharks leaving the aggregation that occurs annually at Ningaloo Reef, Western 
Australia have been found to travel into Southeast Asian waters (Wilson et al. 2006), where 
fishing harvest occurs. While the harvesting of whale sharks is now prohibited in many 
countries (e.g., Belize, Honduras, Maldives, Philippines, Thailand, India, USA and Australia; 
Chen & Phipps 2002), it is probable that past fisheries have contributed to the current 
Vulnerable (IUCN Red Listing) status of this species. Whale sharks are still targeted for their 
fins and flesh in many regions, especially in Southeast Asia and southern China (Joung et al. 
1996) where the demand for their products is high. In Taiwan, where there was until recently 
a fishery and market for whale shark flesh, the government has introduced a moratorium; 
however, monitoring of illegal trade in developing regions is often difficult so that the degree 
of compliance with regulation may be uncertain. 
 
Whale sharks are known to aggregate annually in nearshore waters in a number of regions 
around the world including north-western Australia, Djibouti (Rowat et al 2007) India, the 
Maldives, Seychelles (Rowat & Gore 2006), Galápagos Islands, Mozambique and Mexico (Burks 
et al. 2006). Many of these locations support lucrative tourism industries where tourists can 
swim with whale sharks. As a result, thousands of photographs of these animals are taken each 
year, which has lead to the establishment of several image libraries. Given that the spot and 
stripe marking patterns of animals are individually unique and temporally stable (Meekan et al. 
2006),  these image libraries have enabled whale shark populations to be monitored via photo-
identification studies (Arzoumanian et al. 2005, Meekan et al. 2006), some of which have 
already provided valuable information on population size and structure, survival and population 
trends (Meekan et al. 2006, Bradshaw et al. 2007). However, the growth of these libraries has 
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meant that available photographs have exceeded the number that can be reliably compared by 
eye, thereby necessitating an automated system of matching. Two such systems have now been 
developed (Arzoumanian et al. 2005, Van Tienhoven et al. 2007b). 
 
The rarity and limited biological information available for whale sharks has led the World 
Conservation Union (www.iucnredlist.org; Cavanagh et al. 2003) to list the species as 
‘Vulnerable’ to extinction. Whale sharks are also listed on Appendix II of the Convention of 
Migratory Species (CMS) and Annex I (Highly Migratory Species) of the UN Convention on 
the Law of the Sea (UNCLOS) CMS 2005. Key issues that have been identified for research 
include the need to describe migratory pathways of these animals and to obtain estimates of 
demographic rates (e.g., survival, fertility) that are based on high-quality data that have been 
collected using a variety of reliable and comparable techniques. At present, demographic 
studies of whale sharks have only been done using information gathered from photo-
identification databases (Meekan et al. 2006, Bradshaw et al. 2007), where validations of 
resights were made by eye. 
 
To minimize potential errors inherent in photographic methods, multiple tagging techniques 
that are relatively non-subjective are required. To date, conventional tags and unique scarring 
patterns are the only other techniques that have been used to individually identify whale 
sharks, usually in conjunction with photographs of spot and stripe patterns. These techniques 
have a number of inherent problems such as tag loss and alteration of scarring patterns 
through time that might seriously bias estimates of demographic parameters. ‘Genetagging’ 
(Stevick et al. 2001) offers an alternative approach and uses the microsatellite DNA profile of 
a fish as a life-long indelible tag. This type of tagging is currently in a developmental phase in 
Australia and requires validation of critical elements for use in a standard monitoring protocol 
including firstly, laboratory work verifying that microsatellite sequences can be retrieved from 
small samples of whale shark tissue. Secondly, a humane technique is required to remove 
reliably small samples of tissue. This latter point is essential if the technique is to achieve 
broad acceptance by all involved in the conservation of whale shark populations in Australia, 
including ecotourism operators.  Once these techniques are established, researchers can begin 
to harvest tissue and genetically tag sharks. Ultimately, it might be possible to fingerprint the 
majority of the Ningaloo population of sharks (approximately 200-300 individuals). This would 
allow validation of photo-identification techniques and also enable it to be determined if sharks 
visiting Ningaloo are being harvested to supply markets in Asia.  Furthermore, the technique 
has the added benefit of providing additional individual- and population-level information (e.g., 
genetic diversity, parent-offspring relationships, etc, Palsboll et al. 1997). 
 
The project on which this report is based is an international collaboration led by Dr Mark 
Meekan of AIMS and involving staff from Charles Darwin University, CSIRO, NOAA, Hubbs 
Seaworld, the University of Texas and the University of Perpignan (France). The results 
described here have been obtained from field work undertaken at Ningaloo Reef, Western 
Australia during April-May in 2004-2007. This project is ongoing with the next scheduled field 
work in April-May 2008. 
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This report reviews current monitoring methods, highlight viable data collection and analysis 
techniques, and develop new protocols for genetic analysis to assist in understanding the 
population structure of whale sharks at Ningaloo Reef. Outcomes from demographic analysis 
based on photo-identification will be presented, along with new techniques for individual 
identification and validation. We also describe ongoing results and analysis of satellite tagging 
that describes migration pathways and behaviour of whale sharks participating in the Ningaloo 
aggregation. Finally, we place these results in context by analysing historical records of whale 
sharks sightings provided by the ecotourism industry that describe patterns in abundance in 
relation to climatic and oceanographic phenomena and track decadal trends in population size 
and composition.  Our over-arching aim is to provide researchers and managers with the 
necessary context, information and tools to manage the Australian population of whale sharks 
on a regional and global scale. 
 

1.2  AIMS 

The specific aims of this report are to: 

1. Review current monitoring methods and highlight viable data collection and analysis 
techniques. 

2. Develop new protocols for genetic analysis to assist in understanding the population 
structure of whale sharks at Ningaloo Reef. 

3. Use photo-identification techniques as a basis for mark-recapture and demographic 
analyses of population and stock structure. 

4. Use satellite tagging techniques to document migration and diving patterns and to 
compare these to environmental variables such as water temperature and ocean 
productivity 

5. Analyse historical databases of whale shark sightings provided by ecotourism 
operators to determine how abundances of sharks are influenced by oceanographic 
phenomena and trends in population composition and abundance through time. 

 

1.3  FORMAT OF THE REPORT 

This report deals with the abovementioned aims as separate chapters, which are followed by a 
conclusions and recommendations chapter. The focus is on whale shark populations in north-
western Australia; however, the techniques discussed can potentially be applied to whale 
shark populations worldwide. Each chapter contains information that has either been 
published or is being prepared for publication in international, peer-reviewed journals. The 
titles and co-authors of these publications have been identified at the beginning of this report. 
Note that field work and data analysis for the project is ongoing. The overview section at the 
beginning of each chapter highlights major findings to date and details ongoing work and 
analysis to fulfil the aims mentioned above. 
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2.  SAMPLING METHODS FOR MONITORING  
WHALE SHARKS IN AUSTRALIAN WATERS 

The most common techniques used for monitoring whale shark populations are variants of 
capture-mark-recapture/resight (CMR/S) approaches, where animals are individually 
recognisable so that they can be followed through time for the calculation of demographic 
rates (Lebreton et al. 1992). Individual recognition can be achieved by applying an artificial 
mark to an animal or by using an animal’s natural markings (Neumann et al. 2002). The former 
technique is pervasive in ecological studies, ranging from the purely theoretical (Booth 2004) 
to the highly applied (Kohler & Turner 2001) and has been used in both marine and terrestrial 
environments on taxa ranging from insects (Auckland et al. 2004) through to whales (Watkins 
et al. 1993). 
 
Though successful in many situations, the physical marking or tagging of animals is not without 
drawbacks. For example, the application of artificial marks to wildlife can alter natural 
behaviour and reduce individual performance (Gauthier-Clerc et al. 2004). The marking 
process itself may also be disruptive (Bateson 1977) due to the necessity of handling and 
restraining for mark application (Ogutu et al. 2006) and the loss of marks over time (Bradshaw 
et al. 2000), and the non-reporting of retrieved marks (Schwarz & Seber 1999) may cause 
severe bias in parameter estimates (Stevick et al. 2001). Additionally, there are often a host of 
ethical and welfare issues that can arise from the application of permanent or semi-permanent 
marks (McMahon et al. 2006, Wilson & McMahon 2006). The artificial marking of individuals 
may also be costly and impractical when dealing with large populations (Kelly 2001). 
 
Due to the vulnerable status of whale sharks, it is essential that sampling techniques are as 
benign as possible to ensure minimal impact on the remaining individuals. The size of whale 
sharks also limits sampling techniques to those that do not require the physical restraint of the 
animals for mark application. The aim of this chapter is to describe the techniques trialled for 
individual identification of whale sharks at Ningaloo Reef. 
 

2.1  STUDY SITE AND SAMPLING 

Whale sharks frequent Ningaloo Reef, WA (22º 50’ S, 113º 40’ E) between March and July 
each year (Figure 2.1). Due to their cryptic nature, light planes are used to locate animals. 
Once an animal is spotted at the surface, the light plane circles above while the research 
vessel (Figure 2.2.) is directed towards vicinity of the shark. When alongside an animal, 
researchers are able to swim to the shark from the boat to collect data (Figure 2.3). 
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Figure 2.1. Map of study site, Ningaloo Reef, WA. 
 



Population monitoring protocols for whale sharks 

 7 

 
Figure 2.2. Research vessel used for whale shark work during 2005-7. (Photo – © C. Speed). 
 
 

 
Figure 2.3. A) Researchers exiting vessel in pursuit of whale shark. B) Researcher positioning in relation 
to whale shark for photo-id (far) and satellite tag attachment (close) (Photos – © F. Baronie). 
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2.2  CONVENTIONAL TAGS 

Prior to the 1990’s there was relatively little reliable information on the abundance and 
distribution of whale sharks. At Ningaloo, the only available information was based on direct 
counts of sharks from boat and aerial surveys (Taylor 1996). Taylor (pers. comm.) attempted 
to tag whale sharks using conventional fish tags, which were numbered plastic spaghetti-
shaped tags inserted by a speargun below the dorsal fin (Fig. 2.4). 
 

 

Figure 2.4. The left flank of a whale shark tagged using a conventional fish tag (yellow dart below dorsal 
fin). (Photo – © G. Taylor). 
 
These tags allowed researchers to recognise immediately whether a shark was a new 
individual or a resight, and also acted as a form of double tagging when used in conjunction 
with identification photographs (Geoff Taylor, pers. comm.). The physical tagging of whale 
sharks using standard tags has been discontinued at Ningaloo Reef due to tag loss and 
advances in photo-identification and satellite tagging technology; however, similar tags are still 
being used to assist with individual identification of whale sharks in other aggregations such as 
in the Seychelles (Taylor 1996, Rowat 1997). 
 

2.3  PHOTO-IDENTIFICATION 

Photo-identification is one of the most effective and popular methods of recording natural 
markings of an animal. It permits individual identification, which can then allow the study of 
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animal movement patterns, site fidelity, population size and other parameters (Karlsson et al. 
2005), with the only field requirement being a suitable camera. In addition to the other 
benefits of non-intrusive ‘marking’ of individuals, this method allows storage of photos in a 
library for cross-matching and generation of capture-history matrices (Fujiwara & Caswell 
2001, Meekan et al. 2006, Bradshaw et al. 2007). There have been an increasing number of 
photo-identification studies of long-lived animals that rely on natural markings, including 
predatory cats (Kelly 2001, Karanth & Nichols 1998, Maffei et al. 2004, Ogutu et al. 2006), 
cetaceans (Hammond et al. 1990), and elasmobranchs (Arzoumanian et al. 2005, Domeier & 
Nasby-Lucas 2006, Meekan et al. 2006, Van Tienhoven et al. 2007b). 

Image capture techniques vary among studies largely due to the accessibility and ease of 
observation of study animals. In recent photo-identification studies, most images have been 
captured using digital or video cameras. Images may be captured directly on land (Kelly 2001), 
remotely by camera trap (Karanth, 1998 #270; Maffei, 2004 #293}), by aerial photography 
(Hiby & Lovell 2001), on the surface of the ocean (Hiby & Lovell 2001, Langtimm et al. 2004, 
Parra et al. 2006), as well as underwater (Corcoran & Gruber 1999, Arzoumanian et al. 2005, 
Castro & Rosa 2005, Domeier & Nasby-Lucas 2006, Meekan et al. 2006, Van Tienhoven et al. 
2007b). Underwater photography has a host of problems that are not associated with 
standard photographic techniques (Meekan et al. 2006) in terrestrial environments, such as 
light refraction and backscatter from particulate matter in the water. These issues, as well as 
the complicating factor of maintaining the line of sight of animals being photographed, can 
make collection of underwater images for photo-identification particularly challenging. 
 
The standard method of photographing whale sharks for photo-identification captures images 
while swimming along the flank of the animal. The area on the flank of sharks directly behind 
the 5th gill slit is typically chosen for use for identification of whale sharks (Figure 2.5) for a 
variety of reasons, including consistency with past studies, the lack of contortion of this part of 
the animal during swimming and also because of the ease with which photographers can focus 
on this area (Arzoumanian et al. 2005, Meekan et al. 2006). In addition to the host of 
problems associated with underwater photography, whale sharks swim at a speed of 
approximately 2 knots, which makes taking clear photographs exceedingly difficult, especially 
in rough weather (Meekan et al. 2006). 
 
Photo-identification studies of whale sharks are relatively new in comparison to photo-
identification of marine mammals. Nevertheless, similar problems associated with the manual 
identification and matching of individuals by eye have emerged. Image libraries can be 
examined manually (by eye) to build a history of individual matches (Meekan et al. 2006); 
however, as the number of photos in a library increases beyond a person’s capacity to process 
the potential candidate matches reliably, the development of faster, automated techniques to 
compare new photographs to those previously obtained is required (Mizroch et al. 1990, 
Arzoumanian et al. 2005). Several automated matching algorithms have been trialled with 
some success (e.g.,Mizroch et al. 1990, Wilkin et al. 1998, Evans 2003, Hillman et al. 2003, 
Arzoumanian et al. 2005, Lapolla 2005, Urian 2005), but these are often highly technical, 
species/morphological feature specific, or unavailable for public use. 
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Figure 2.5. Standard reference area use for photo-identification of whale sharks (Photo – © G. Taylor). 
 

The methods of computer-assisted image matching currently used for photo-identification of 
whale sharks are: 1) a method adopted from a stellar-pattern recognition software by NASA 
(Arzoumanian et al. 2005), and 2) a program developed for matching the spot-patterns of grey 
nurse (Carcharius taurus) sharks called Interactive Individual Identification System (I3S) (Van 
Tienhoven et al. 2007b)Van Tienhoven et al. 2007a. The first method is currently being 
employed to match images in the online Ecocean database (repository), where the public can 
submit photos taken while swimming with whale sharks (Arzoumanian et al. 2005). The 
matching algorithm incorporated into the software is insensitive to image magnification, 
rotation, and inversion via the use of triangulated triplets of coordinates, which can then be 
used to match similar patterns from the database (Arzoumanian et al. 2005). This method is 
almost completely automated, but like other such methods, the final validation process 
involves a manual by-eye component. This software has been used successfully to identify 
individual whale sharks; however, the program is of little use to researchers as the software is 
not open-access so its limitations and biases cannot be investigated.  The inaccessibility of the 
software also means that matching cannot be done by individual researchers. In contrast, the 
I3S program can be freely downloaded from the internet (see www.reijns.com/i3s) and can 
successfully identify and match individual sharks (Speed et al. 2007). Furthermore, a validation 
technique using information theory has been developed to aid this program, providing the user 
with a relatively non-subjective means of confirming individual matches (Speed et al. 2007). 
The limitations, protocol and use of this matching software is discussed in Chapter 4. 
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Until recently, data collection for photo-identification studies of the whale shark population at 
Ningaloo Reef had been done largely in an ad hoc manner. Photographs were taken by various 
researchers, tourists and ecotourism operators and libraries were held separately. Recently, a 
new initiative to encourage collaboration and standardise effort has been implemented by the 
Western Australia Department of Environment and Heritage (DEC), where all photographs 
and measurements taken by researchers and tour operators are submitted to DEC at the end 
of each whale shark season. This has vastly increased the size of the library of photographs 
available for researchers. 
 

2.4  TISSUE SAMPLING – COLLECTION TECHNIQUES 

2.4.1  Faecal material 

As an alternative to traditional tagging methods and photo-identification, individual animals can 
be also be identified using genetic information from nuclear microsatellite markers (Palsboll et 
al. 1997). Within the field of ecology, a number of methods have been trialled for obtaining 
tissue samples such as biopsies, sloughed skin, shed hair and faecal material collection (Palsboll 
et al. 1997). The collection of scat/faecal samples from animals for individual identification and 
mark-recapture purposes has been used in a number of circumstances (see review by Lukacs 
& Burnham 2005). Indeed, one such sample was collected from a whale shark during the 2007 
research trip (Figure 2.6). This collection technique has been used successfully to identify prey 
species of whale sharks (Jarman & Wilson 2004); however it is unlikely that this would be 
viable for individual identification of sharks due to the relatively rare observation of the 
deposition of faecal matter, as well as the rapid dispersion of  faeces by currents. 
 

 
Figure 2.6. Whale shark faecal sample collected at Ningaloo Reef (photo – © F. Baronie) 
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2.4.2  Biopsy Spear 

During April and May of 2005-2007 genetic samples were collected using a Hawaiian-sling pole 
that had a biopsy tip fastened to the end of the spear (Figure 2.7A). The tip was made by 
Ceta-Dart (Virum, Denmark – Finn Larsen fl@difres.dk), constructed of stainless steel and 
was 40 mm in length and 27 mm in diameter (Figure 2.7B). Samples were taken from the sub-
dermal layer of either the upper-left or the upper-right flank of the sharks. Samples were then 
placed in vials of 10 % salt-saturated dimethylsulfoxide (DMSO) for genetic analysis (Figure 
2.7C). The biopsy tip was cleansed with bleach after each use to avoid cross-contamination of 
samples. 
 
This method of obtaining tissue samples from whale sharks proved to be successful, once the 
researcher had mastered the spearing technique. One major disadvantage of the technique 
was that once speared, sharks rarely remained in the immediate vicinity for further 
observations. For this reason, genetic samples were taken after length and sex information 
was collected and identification images had been captured. 
 
2.4.3  Microplanes 

Microplanes were trialled as an alternative and possibly less intrusive sampling technique than 
the biopsy probe. Two types of microplanes were trialled that had differing gauges of blade: 

1. Coarse Grater – stainless steel, 12.4 × 5 cm grating area, 27.5 cm length and 6.88 cm 
width (Figure 2.8A). 

2. Medium Ribbon grater – stainless steel, 12.4 × 5 cm grating area, 27.5 cm length and 
6.88 cm width (Figure 2.8B). 
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Figure 2.7. A) Hawaiian-Sling pole spear with biopsy tip attached, B) .Biopsy tip for tissue sampling of whale sharks, C) Biopsy tip and whale shark tissue sample being 
placed in vial of DMSO (Photos A & B – © C. Speed & photo C – © F. Baronie). 
 
 
 

A C B 
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Figure 2.8. Microplanes trialled for taking skin samples from whale sharks. A) Coarse grade, B) medium 
ribbon grade. (Photos – © C. Bradshaw). 
 
 
Electrical tape was used to seal the underside of the microplanes, so that skin samples would 
be retained. While swimming along side the animals, microplanes were used to remove skin 
from the flank by scraping in a forward motion (the opposite direction to which the denticles 
face). A number of potential issues arose with this technique: 1) inadequate amounts of skin 
were removed by the micro plane due to the toughness of whale shark skin, 2) the 
convoluted nature of the microplanes meant that sterilization between sampling occasions was 
laborious, 3) samples may be contaminated by oxidisation due to prolonged contact with sea 
water, over multiple sampling occasions and 4) whale sharks appeared to respond negatively 
to the scraping sensation, often more noticeably than their reaction to the biopsy spear. 
 
To surmise, the ineffectiveness of the microplanes to collect skin samples, coupled with other 
logistical problems, meant that this technique was not suitable for collecting genetic samples 
for individual identification of whale sharks. The toughness of whale shark skin limits the use 
of scraping devises for skin collection purposes. For this reason, biopsy spears provided the 
most appropriate means to collect tissue samples for genetic studies. 
 

A B 
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2.5  SATELLITE TRACKING OF WHALE SHARKS 

Satellite tracking to monitor large- and small-scale movement patterns of animals commenced 
during the mid- to late 1980’s (Fancy et al. 1988). It was not until the early to mid- 1990’s 
however that this technology was used successfully to monitor the movement patterns of 
whale sharks (Eckert & Stewart 2001). The success of this study subsequently lead to 
numerous other tracking studies of the horizontal and vertical movements of whale sharks 
(see Eckert et al. 2002, Rowat & Gore 2006, Wilson et al. 2006). While this method of 
monitoring is more expensive than using conventional tags or photo-identification, satellite 
tags allow researchers to observe horizontal and vertical movement patterns over shorter 
time scales and at higher spatial resolution. A summary of the number and type of satellite tags 
that have been deployed on whale sharks by our study is given in Appendix 2. 
 
2.5.1  Satellite tags 

The satellite tags used to track movement patterns of whale sharks at Ningaloo Reef were 
made by Wildlife Computers (Redmond, Washington, USA) with custom tag housings and an 
applicator developed by the Marine Technology Group at the Australian Commonwealth 
Scientific and Industrial Research Organisation (CSIRO) Marine and Atmospheric Research 
(Figure 2.9). 
 
The satellite transmitters were contained in a torpedo-shaped float that was attached to the 
shark's dorsal fin via a one-metre tether and fin clasp. Fin clasps were covered with neoprene 
to reduce the risk of infection caused by friction of the clasp rubbing on the fin. Tags 
transmitted location, depth and water temperature information to polar-orbiting satellites 
fitted with Argos receivers (Myers et al. 2006). 
 
 

 
Figure 2.9. A) Applicator & bolt, B) Applicator, fin clasp and satellite tag and C) Satellite tag ready for 
deployment (Photos A & C © – C. Bradshaw, B © – C. Speed). 
 

A C B 
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Each tag was coated with an antifouling agent prior to attachment to minimise algal growth 
that can increase drag. The tags were attached to the base of the leading edge of the first 
dorsal fin by the custom designed applicator that fired a stainless-steel bolt through the fin 
clasp and fin (Figure 2.9 & Figure 2.10). A snorkeler attached tags while swimming alongside 
the shark. 
 
A total of 6, 5 and 4 towed Splash satellite tags were attached to sharks during the April/May 
field trips to Ningaloo Reef in 2005, 2006 and 2007 respectively. Tags were retained for up to 
4 months in 2005, however in 2006 and 2007 towed tags were removed by the animals after 
only a few weeks (2006) or months (2007). The application of satellite tags was relatively 
successful; however, the trigger mechanism of the applicator misfired on a few occasions. The 
lower retention time of the towed tags in 2006 and 2007 were most likely due to a 
combination of sharks actively trying to dislodge the tags on the reef and weak attachment to 
the dorsal fin due to problems with the applicator. 
 

 
Figure 2.10. A double-tagged whale shark showing fin clasp on leading edge of 
1st dorsal fin and satellite tag (above left pectoral fin) and 2 PSATs below dorsal 
fin on left and right flanks (Photo – © Department of Environment and 
Conservation). * Note: The orange material below the satellite tag is biofouling, 
most likely a species of brown algae. 
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2.5.2  Fin tags 

As with the satellite tags, fin tags were attached with the same applicator and to the same 
position on the shark (i.e., the base of the leading edge of the first dorsal fin). Unlike the 
satellite tags, fin tags did not have a tether that connected the clasp and the transmitter. 
Rather, fin tags housed the attachment device and transmitter in one unit (Figure 2.11). As 
with the fin clasps used to attach satellite tags, fin tags also had a neoprene covering to 
minimise friction. 
 

 
Figure 2.11. Fin tag without neoprene cover (Photos – © C. Speed). 

 
 
The aim in placing the satellite tag in the fin clasp was to avoid issues of fouling of the towed 
tag by weed and flotsam (see Fig. 2.10) and to attempt to prevent the shark catching the 
tether on the reef and pulling the tag off. In both 2006 and 2007 all fin tags deployed on sharks 
failed to report position data to satellites and this approach has now been discarded. These 
tags were adapted from an approach in common and very successful use in other species such 
as great white and salmon sharks. Likely reasons for failure in whale sharks was due to the 
dorsal fin not clearing the water surface for periods of time sufficient for contact with a 
satellite to be made by the transmitter. 
 
2.5.3  Pop-up Archival Satellite Tags (PSAT) 

Both Wildlife Computers and model PTT-100, Microwave Telemetry, Inc., Columbia, MD, 
USA PSAT tags were deployed on whale sharks at Ningaloo Reef. (Figure 2.12). These tags 
measure and store light, depth and temperature at pre-determined intervals, and then later 
transmit raw data (Microwave tags) or data summaries (Wildlife Computer tags) to Argos 
satellites when tags have detached and floated to the surface (Wilson et al. 2006). In the case 
of Wildlife Computer tags, if the tag is retrieved after pop-off the entire archive can then be 
downloaded. 
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Figure 2.12. PTT-100, Microwave Telemetry Pop-up archival tag showing titanium dart 
and tether. (Photo - © S. Wilson) 

 
Prior to deployment, each tag was coated with an antifouling agent to help minimise the 
settlement of algae and other micro-organisms. PSATs were connected to a titanium dart by a 
tether of either monofilament or nylon-coated stainless steel (Wilson et al. 2006). PSATs 
were deployed using a Hawaiian-sling polespear (Figure 2.13), with each dart being embedded 
into either the left or right flank of sharks below the first dorsal fin. Darts were implanted 
several centimetres into the sub-dermal tissue on the dorsal surface of the animal near the 
first dorsal fin (Wilson et al. 2006) (Figure 2.14). 
 
A total of 15, 9, 5 and 1 PSATs were deployed during the 2004, 2005, 2006 and 2007 field 
trips at Ningaloo respectively. The lower number of deployments in 2007 reflects the fact that 
very few whale sharks were seen in this year, probably as a result of El Nino effects on 
oceanographic phenomena in the Ningaloo Reef region (see Chapter 6 for a detailed analysis 
of whale shark abundance patterns in relation to climatic events). PSATS were also deployed 
at Ningaloo in 2002 and 2003. For analysis and discussion of the track and diving information 
obtained from these earlier deployments, see Wilson et al. 2006. 
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Figure 2.13. Application of Pop-up Archival Tag (PSAT). (Photo - © C. McLean) 
 

 
Figure 2.14. PSAT tag embedded in sub-dermal layer of whale shark flank/dorsal fin. (Photo- ©C. McLean) 
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3.  GENETIC SAMPLING OF WHALE SHARKS 

3.1  OVERVIEW 

The development of microsatellite markers for genetic tagging has been a key aim of the 
project. Unfortunately, the protocols to refine markers and develop libraries proved to be a 
far greater technical challenge than was originally anticipated. Rather than taking the 8 months 
of laboratory work, this took 24 months to be completed. Below we detail the laboratory 
protocol and results to date. We have completed the microsatellite libraries and aim to 
publish this work in late 2008. Despite these technical problems, we also contributed to a 
worldwide study of the genetics of whale sharks. To assess the global genetic relationships of 
whale sharks, the collaboration sequenced complete mitochondrial DNA control regions from 
sharks in all ocean basins. We observed 55 polymorphic sites and 28 haplotypes in 50 
individuals and found high haplotype (h = 0.95 ± 0.02) and nucleotide diversity (π = 0.013 ± 
0.007). The control region had the largest length variation yet reported for an elasmobranch 
(1,143 - 1,332 bp). Phylogenetic analyses revealed no geographic clustering of lineages. The 
most common haplotypes were detected from the western Atlantic Ocean and the eastern 
Pacific Ocean. The absence of population structure across the Indian and Pacific oceans 
indicates that oceanic expanses and land barriers in Southeast Asia are not impediments to 
whale shark dispersal. We did, however, find population structure (AMOVA, FST=0.153, 
P<0.001) between the Atlantic and Indo-Pacific ocean basins. Though there may be 
undetected fine-scale population structure within ocean basins, in contrast to other sharks 
that have global distributions, we think it is unlikely that there are cryptic evolutionary 
divisions in this species. Discovery of the mating and pupping areas of whale sharks is key to 
further population genetics studies. In any event, the global pattern of shared haplotypes in 
whale sharks is a compelling argument for development of broad international approaches for 
management and conservation of whale sharks. 
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3.2  MICROSATELLITE MARKERS 

3.2.1  Introduction 

Genetic tagging of individuals is emerging as a potential alternative to standard tagging 
techniques that allows researchers to ask questions in relation to contemporary patterns of 
genetic divergence, population size, and gene flow (Palsboll 1999). Unlike many tagging 
methods, genetic markers (tags) have the added benefit of existing in all animals and being 
permanent (Palsboll et al. 1997), which is a vital assumption of capture-mark-recapture (CMR) 
techniques (Seber 1982). Thus, microsatellite data lend themselves to abundance estimation in 
a similar fashion to traditional identification methods (Palsboll et al. 1997). 
 
Tissue samples are required prior to DNA extraction and analysis, which can be obtained 
either using intrusive or non-intrusive techniques. A number of intrusive techniques were 
detailed in Chapter 2 of this report; however, non-intrusive methods can also be used under 
certain conditions (e.g., Lukacs & Burnham 2005). Obtaining consistent samples using non-
intrusive methods in the ocean can be problematic and often in these situations the DNA in 
samples may be degraded, which can in turn lead to analysis problems such as ‘allelic drop out’ 
(Palsboll 1999). Non-intrusive sampling may also lead to an insufficient quantity of DNA to 
carry out analysis (Bilgmann et al. 2007). To avoid these potential problems, the use of 
biopsies (Lambertsen 1987) have been adopted for tissue sample collection of large marine 
animals (Parsons et al. 2003) and are recommended for whale sharks (Chapter 2) 
 
Tissue sampling and molecular analysis have not been attempted to date for whale sharks, 
therefore information pertaining to gene flow between whale shark populations and parent-
offspring relationships are unknown. Additionally, microsatellite markers provide a validation 
technique for current photo-identification analyses, strengthening demographic estimates. The 
aim of this section is to describe the methods used to isolate microsatellite-containing 
fragments from whale sharks DNA collected at Ningaloo Reef. 
 
3.2.2  Methods 

3.2.2.1  Construction of enriched microsatellite library 

We employed the strategy used by (Kandpal et al. 1994) to isolate microsatellite-containing 
fragments (Figure 3.). In this procedure, genomic DNA fragments containing the desired 
repeats are hybridized to a repeat probe that has been biotinylated. These hybrid fragments 
are subsequently captured by a solid matrix to which avidin is covalently bound. Non-
specifically DNA fragments are eliminated by washes, and the repeat-containing fragments are 
eluted and cloned to produce a library. This library should contain 20-90% repeat-containing 
fragments. 
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Figure 3.1. Steps followed to isolate microsatellite–containing fragments. 
 
 
3.2.3  Results 

First attempts to use this technique did not give any interpretable results (Figure 3.2).  It 
appeared as if all the whale shark DNA, with or without any biotinylated probe, had been 
fixed non-specifically to the Vectrex avidin D matrix. For this reason, we decided not to clone 
PCR product and to make a second attempt with fresh DNA (Figure 3.3). We also decided to 
change the Vectrex avidin protocol and use a different buffer and try a second elution at 85°C. 
Thus, we extracted DNA from 4 individuals and pooled the DNA to obtain 5µg of fresh DNA. 
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Figure 3.2. Last PCR results before cloning P1, P2, P3: probe 1, 2 or 3 - : control without probe. 
 
 
 
 

 
Figure 3.3. Second trial to analyse whale shark DNA. 
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These were encouraging and we attempted enrichment for twelve different microsatellite 
motifs: CA-, AAC-, TACA-, TAGA-, GA-, ATG-, AAAC-, CATC-, AAG-, AAT-, AAAG- and 
CAGA-. The libraries yielded microsatellites as follows:  

CA- seven out of eight sequences contained a microsatellite 

AAC- one out of nine sequences contained a microsatellite 

TACA- zero out of nine sequences contained a microsatellite 

TAGA- four out of nine sequences contained a microsatellite 

GA- six out of nine sequences contained a microsatellite 

ATG- one out of eight sequences contained a microsatellite 

AAAC- one out of nine sequences contained a microsatellite 

CATC- zero out of nine sequences contained a microsatellite 

AAG- one out of nine sequences contained a microsatellite 

AAT- zero out of nine sequences contained a microsatellite 

AAAG- one out of nine sequences contained a microsatellite 

CAGA- three out of eight sequences contained a microsatellite 
 
Based on these results we obtained sequences from an additional set of 64 clones, drawn from 
three of the libraries that yielded microsatellites as follows: 

CA- 20 out of 20 sequences contained a microsatellite 

TAGA- 11 out of 21 sequences contained a microsatellite 

GA- 17 out of 22 sequences contained a microsatellite 
 
Sequences were then examined to identify duplicates that might be present in opposite 
orientation, or which had not been noted upon examination of the electropherograms. In 
total, we identified 73 different microsatellite-containing clones from the three libraries. We 
designed PCR primers for 54 microsatellite-containing clones that were designed using 
DesignerPCR version 1.03 (Research Genetics, Inc.). 
 
The final mirosatellites selected for the library and provided with design-tested primers are 
shown in Appendix 1. 
 
3.2.4  Conclusion 

Despite initial problems, the laboratory analysis protocols and microsatellite libraries have 
now been established for genetagging of whale sharks. It now remains to collect biopsy 
samples from large numbers of both the Ningaloo and other Indian Ocean populations firstly 
to validate photo-identification techniques and secondly, to begin to establish patterns genetic 
divergence, population size, and gene flow of whale sharks in the Indian Ocean region. 
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3.3  POPULATION GENETIC STRUCTURE OF THE WHALE SHARK 
(RHINCODON TYPUS) 

3.3.1  Introduction 

The vastness of Earth’s oceans may often conceal regional biological processes particularly for 
pelagic and highly migratory species. For example, many sharks and tunas mature and forage 
far from shore. Other species like pinnipeds and sea turtles may approach continental or 
island shores only occasionally to breed or rest. Moreover, many large marine vertebrates 
often have complex migratory behaviours that vary with age and sex (Brown et al. 1995, Craig 
& Herman 1997, Hughes et al. 1998, Bowen et al. 2005, James et al. 2005, Carlsson et al. 
2007). 
 
Though the natural histories of many pelagic migrants have become better known during the 
past few years, little is still known about the biology and biogeography of whale sharks 
(Rhincodon typus). Whale sharks appear to be widely distributed in tropical and warm 
temperate seas (30°N and 35°S) except, perhaps, in the Mediterranean (Compagno 2001). 
Most information about general distribution, however, is either from seasonal sightings in 
scattered locations or anecdotal observations (Colman 1997). Aggregations of whale sharks 
have been routinely reported off Ningaloo Reef (Australia), Gladden Spit (Belize), Yucatan 
peninsula, Baja California (Mexico), India, Taiwan, Japan, and the Philippines (Taylor 1996, 
Clark & Nelson 1997, Colman 1997, Taylor & Pearce 1999, Heyman et al. 2001, Wilson et al. 
2001a, Stewart & Wilson 2005, Wilson et al. 2006). Some aggregations occur year-round 
while others may be associated with seasonal abundance of prey. Most known aggregations 
are immature sharks and segregation by size and sex may occur in some areas (Colman 1997, 
Compagno 2001). Even though recent studies have demonstrated the remarkable ability of 
this species to migrate long distances (e.g., Colman 1997, Compagno 2001, Eckert & Stewart 
2001, Wilson et al. 2006) it is not clear whether whale shark populations are panmictic or 
composed of reproductively isolated subpopulations. Recent indication for tolerance of cold 
water when diving (Wilson et al. 2006) suggests that temperate and perhaps even sub-polar 
waters may not be impediments to movements of whale sharks across thermal boundaries. 
Here, we present the results of a study of the population genetics of this widely distributed 
marine megavertebrate using sequences from the mtDNA control region (CR) to assess the 
potential population relationships among ocean basins. 
 
3.3.2  Materials and methods 

3.3.2.1  Sample collection and laboratory procedures 

Skin biopsy samples were collected from 50 whale sharks (Figure 3.4) when they aggregated 
seasonally in the Gulf of California or Western Australia or were found stranded ashore from 
1995 through 2005 at other sites and then preserved in either salt saturated DMSO solution 
or 95% ethanol and stored at room temperature. 
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Figure 3.4. Geographic distribution and number of whale shark skin biopsy samples obtained for each 
geographic location. 
 
We extracted total genomic DNA using a phenol-chloroform-isoamyl alcohol protocol 
(Sambrook et al. 1989) or 5% Chelex non-boiling protocol (Walsh et al. 1991)The 
mitochondrial CR was amplified using primers developed within the tRNAPro (WSCR1-F: 5′-
TTGGCTCCCAAAGCCAAGATTCTTC-3′) and tRNAPhe (WSCR1-R: 5′-
TTGTAACCAAAATTATACATGC-3′). Because of the large size of the CR (~1,100 – 1,325 
nucleotides), two internal primers were designed to facilitate sequencing of the whole region. 
Primer WSCR2-R (5′-CTTAATATTTATTGTTCCTGGTTTCAGTT-3′) was paired with 
WSCR1-F, and primer WSCR2-F (5′-CTATAATTGATTTAAACTGACATTTG-3′) was paired 
with WSCR1-R producing two, overlapping fragments approximately 950 and 700 bp 
respectively. Amplification reactions were carried out in 50 µL volumes consisted of 1X 
Promega buffer (Promega, Madison, WI, USA), 1.25 U of IDProofTM DNA polymerase (ID 
Labs Inc., Ontario, Canada), 0.8 mM dNTPs, 2 mM MgCl2, 0.5 μM of each primer, 6.0 μg 
bovine serum albumen, and 1 – 3 μL of template. Cycling conditions for all primer pairs 
consisted of 95°C 1 min, 35-40 cycles of 95°C 45 sec, 58°C 60 sec, and 72°C 90 sec with a 
final extension at 72°C for 7 min. Amplicons were purified with QIAquick kit (Qiagen, 
Valencia, CA, USA) following the manufacturers instruction. Both strands were sequenced 
using an ABI 3730XL Genetic analyzer (Applied Biosystems, Inc., Foster City, CA, USA). 
 

3.3.2.2  Data analysis 

Control region alignments were optimized in Sequencher 4.1 (Gene Codes, Ann Arbor, MI, 
USA) and gaps were introduced to maximize sequence similarity. Analyses were done both 
including and excluding ambiguous bases and missing data (i.e., gaps). In some analyses, 
contiguous gaps were treated as single events by omitting all but one of the gaped bases, and 
gaps were weighted as transitions. In the case of substitutions within gaps, variable positions 
were retained and gaps were weighted as transversions. The Akaike Information Criteria 
within ModelTest v3.06 (Posada & Crandall 1998) was used to determine the best-fit model of 
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evolution. Phylogenetic analyses were done using PAUP* 4.0b10 (Swofford 2003). Gene tree 
reconstruction was performed using neighbor-joining algorithm (Saitou & Nei 1987), with the 
optimal distance model identified with ModelTest. Statistical support for the nodes was 
estimated with 100 non-parametric bootstrap replicates (Felsenstein 1985). 
 
Summary statistics (number of haplotypes, haplotype frequencies, number of polymorphic 
sites, number of transition and transversions, and nucleotide composition) were estimated in 
ARLEQUIN 3.0 (Excoffier et al. 2005). Individuals were binned into five groups defined by 
geographical region: Gulf of Mexico/Florida (N = 17) in the northwestern Atlantic; South 
Africa (5) and Australia (12) in the Indian Ocean; Philippines/Taiwan (7) in the northwestern 
Pacific; and Gulf of California (8) in the northeastern Pacific. Genetic diversity within localities 
was measured as the number of DNA mitochondrial haplotypes, haplotype diversity (h), and 
nucleotide diversity (π) estimated with Nei’s corrected average genetic divergence (Nei 1987) 
incorporating Tamura & Nei’s (1993) model of sequence evolution with ARLEQUIN. 
 
We used mismatch distributions for each sample to distinguish between population growth 
models, especially those invoking past exponential growth and historical population stasis 
(Slatkin & Hudson 1991, Rogers & Harpending 1992). Population paramaters τ, θ0, and θ1 
were obtained from ARLEQUIN, where τ is the mutational timescale, and θ0 and θ1 are the 
expected pairwise differences before and after a change in population size (growth or 
contraction), respectively (Harpending 1994). The mutational timescale is τ = 2µt, where t is 
measured in generations and µ is the mutation rate per generation for the entire sequence 
(µ = mTµ, where mT = number of nucleotides and µ = mutation rate per nucleotide). The 
expected pairwise differentiation is θ = 2Nfµ where Nf is the effective female population size. 
Tests for selection also can indicate population expansion and here we apply the algorithms of 
Tajima (1989) and Fu (1997). 
 
Population subdivision and structure were estimated using an analysis of molecular variance 
(AMOVA, Excoffier et al. 1992), and pairwise population ΦST significance test (Cockerham & 
Weir 1993) as implemented in ARLEQUIN. Significance of ΦST was determined via 
nonparametric permutation (Excoffier et al. 1992) with 1,000 data permutations. For AMOVA 
analyses, we used the distance matrix generated by the model selected with ModelTest 
(HKY85+I). Population differentiation also was tested using the Raymond and Rousset test 
based on haplotype frequencies (Raymond & Rousset 1995). 
 
3.3.3  Results 

The mitochondrial CR from a total of 50 individuals ranged from 1,143 to 1,332 bp with a 
mean of 1,236 bp. Nearly all of this size variation was due to indels composed of repeated 
sequence blocks (Figure 3.5). Considering just the repeat unit structure (i.e., ignoring site 
substitutions) there were 11 different repeat motifs in the whale shark. Repeated blocks 
ranged in size from 9 bp (block A) to 64 bp (block E) long. All haplotypes had regions A1 to 
D1, E2, F2 E3, and F3 to J3 and this was the motif for the smallest haplotype, H18. The largest 
haplotype, H9, had all the common repeats, some less common ones, and was the only 
haplotype to have block I1. Haplotypes H10 and H11 were similar to H18 except they 
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possessed blocks E1 and F1 (totaling 103 bp) making H10 and H11 the second largest 
haplotypes. 
 
We also found substitutions between repeated blocks within the same sequence. For example, 
repeat A1 differed from A2 by a substitution of one nucleotide in haplotype H22. Other 
examples include substitutions shared between different haplotypes like block B, which was 
repeated twice in nearly all haplotypes. For some haplotypes these were perfect repeats 
whereas there were single transitional changes in others. Clearly, both larger indel changes 
and smaller substitutional changes are common in the evolution of whale shark CR. 
 

 
Figure 3.5. Schematic diagram showing the consensus of all 28 haplotypes for the complete CR 
sequences of the whale shark. Blocks with different patterns represent repeated fragments along the CR 
sequence. Arrows represent primers used in PCR amplification. 
 
 
 
To maximize sequence similarity among all sampled sharks, the complete DNA sequence 
alignment required multiple gaps of sizes ranging from 1 to 163 bp. There were 55 
polymorphic sites, with 35 substitutions (32 transitions and 3 transversions) and 27 gaps 
resolving 28 haplotypes. Fifteen of those gaps were coded as single nucleotide transitions, 
while the other 12 were coded as transversions due to substitutions in those regions. Of the 
fifty-six evolution models tested by ModelTest using the Akaike Information Criteria (AIC), 
the HKY85+I model (Hasegawa et al. 1985) was selected as the best fit with the proportion  
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of invariable sites I = 0.9292, and base frequencies of A: 0.3487, C: 0.1991, G: 0.1102, and T: 
0.3421. Overall, the haplotype diversity (h), and nucleotide diversity (π) were relatively high 
with h = 0.90 - 1.0 and π = 0.007 – 0.016 (Table 3.1). Among the 28 observed haplotypes, 
only seven occurred in more than one shark (Table 3.2). Three of those shared haplotypes 
occurred in a single geographic region and four occurred in four of the regions. Except for 
some of the Gulf of Mexico haplotypes, there appears to be no phylogenetic clustering (Figure 
3.6). AMOVA with HKY85+I distances assigned 87.05% of the genetic variability within and 
12.95% among locations. There is statistically significant structure in whale shark populations, 
with overall ΦST = 0.13 (P < 0.005). The Atlantic population appears to be significantly 
different from all but the South Africa population (Table 3.3). Moreover, there appears to be 
divergence only between the Atlantic and the Australian and the Atlantic and northwestern 
Pacific populations using a test of exact population differentiation based on haplotype 
frequencies (Raymond & Rousset 1995). 
 
 

Table 3.1. Location, numbers of individuals (N), number of haplotypes (n), haplotype 
(h) and nucleotide (π) diversity estimates and standard deviations observed on the CR 
of the whale shark within five major geographic locations. 

Location N n h π 

Atlantic 17 10 0.92 ± 0.05 0.008 ± 0.004 

South Africa 5 4 0.90 ± 0.16 0.007 ± 0.005 

Australia 12 9 0.91 ± 0.08 0.008 ± 0.004 

NW Pacific 7 7 1.00 ± 0.08 0.007 ± 0.004 

NE Pacific 8 7 0.96 ± 0.08 0.016 ± 0.009 

TOTAL 50 28 0.95 ± 0.02 0.013 ± 0.007 
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Table 3.2. Geographic distribution of haplotypes found in 50 whale sharks. Sample locations were 
grouped by geographic proximity (SA – South Africa, NW Pac – Northwestern Pacific, NE Pac – 
Northeastern Pacific). 

 Geographic location  

Haplotype Atlantic SA Australia NW Pac NE Pac Total 

H1 3 1 1 — 2 7 
H2 — — 4 1 1 61 
H3 1 1 1 — 1 4 
H4 4 — — — — 4 
H5 3 — — — — 3 
H6 — 2 — — — 2 
H7 1 — — 1 — 2 
H8 — — — 1 — 1 
H9 — — — — 1 1 
H10 — — — — 1 1 
H11 — — — — 1 1 
H12 — — — — 1 1 
H13 — — — 1 — 1 
H14 — — 1 — — 1 
H15 1 — — — — 1 
H16 — — 1 — — 1 
H17 — — 1 — — 1 
H18 — — 1 — — 1 
H19 — — 1 — — 1 
H20 — — 1 — — 1 
H21 — 1 — — — 1 
H22 — — — 1 — 1 
H23 — — — 1 — 1 
H24 — — — 1 — 1 
H25 1 — — — — 1 
H26 1 — — — — 1 
H27 1 — — — — 1 
H28 1 — — — — 1 
TOTAL 17 5 12 7 8 50 
1 One individual with H2 was sampled in the Maldives but not included here 
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Figure 3.6. Neighbour-joining tree of the phylogenetic relationships of 28 haplotypes. Maximum likelihood 
distances were estimated using the HYK85+I model of molecular evolution. Bootstrap values greater than 
50 are indicated above nodes. 
 

Table 3.3. Estimate of pairwise ΦST values using both HKY85+I (bellow diagonal) and Tamura & Nei’s 
(above diagonal) genetic distances. Bolded values were significant (P = 0.05) after Bonferroni correction. 

Populations Atlantic SA Australia NW Pac NE Pac 
Atlantic — 0.238 0.191 0.244 0.241 
SA 0.259 — 0.041 0.055 0.080 
Australia 0.193 0.018 — 0.048 0.096 
NW Pac 0.268 0.120 0.032 — 0.051 
NE Pac 0.216 0.007 0.051 0.013 — 
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The observed haplotype mismatch distribution is significantly different from expectations 
under constant population size (P = 0.02; Figure 3.7). Haplotype H9 (Northeast Pacific), 
however, was distinct from all other haplotypes (see phylogenetic analysis in Figure 3.6). 
Forty-four out of 47 pairwise comparisons with > 10 differences included haplotype H9. Most 
nodes within the phylogenetic tree were moderately to well supported in bootstrap analysis. 
There was no clear geographic clustering, however, and several haplotypes were shared 
among regions. Indeed, we detected haplotypes H1 and H3 in virtually all regions. 
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Figure 3.7. Haplotype mismatch distribution. Note that all comparisons with 10 or 
greater differences between the sequences involve haplotype H9. Dotted line is the 
expected frequency given a demographically stable population. 

 
The mutational timescale τ = 2µt can be used to estimate coalescence times for populations if 
generation time and mutation rate (µ) are available. Moreover, the initial and current effective 
population sizes (Nf0 and Nf1) can be estimated from the pairwise differences θ0 and θ1, if 
mutation rate is available or estimated. Based on the observation of an adolescent female with 
an osteological age estimate of 20 years (Wintner 2000), we provisionally apply a generation 
estimate of 25 years. The control region clock for hammerhead shark, Sphyrna lewini, is 0.8% 
divergence between lineages per million years (Duncan et al. 2006) and is similar to a rate 
derived from lemon sharks control regions (Negaprion brevirostris; J. Schultz, pers. comm.). In 
contrast, Keeney and Heist (2006) report a rate of 0.4% per million years for control region in 
the blacktip shark Carcharhinus limbatus. We provisionally apply both rates to whale sharks, 
with the caution that these three species are tens of millions of years divergent from R. typus. 
Results in Table 3.4 indicate coalescence times on the order of 630,000 – 1,250,000 years ago 
(early Pleistocene), founding effective population sizes of Nf0 = 9 – 17 individuals, and current 
effective population size Nf1 = 145,200 – 290,600 individuals. 
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Table 3.4. Population size and age estimates for whale sharks globally. 

   Divergence Rate 

Parameter   0.8% per my  0.4% per my 

τ 5.878  628,500 yrs  1,258,100 yrs 

θS 7.850 ± 2.506  33,600  67,200 

θπ 5.150 ± 2.817  22,000  44,100 

θ0 0.002  9  17 

θ1 33.936  145,200  290,600 

 
 
3.3.4  Discussion 

Our survey of whale sharks indicates unusual size polymorphism in the CR, significant 
population structure between Atlantic and Indian-Pacific ocean basins, and coalescence times 
on the order of 1 my. Before interpreting these results, we address two prominent caveats: 
 
1) Sample size is small and lapses in coverage include the South Atlantic, Central Pacific, and South 
Pacific. Sample size clearly limits inference. Consequently, we have tempered our 
corresponding conclusions. There are no directed oceanic surveys for whale sharks, as there 
are for tunas, billfish, and sea turtles, and the species occurs at low density even in regional 
aggregates. The sample size of 50 represents ten years of directed effort on our part, and is 
the only genetic evaluation of this rare and enigmatic species. Nonetheless, though a larger 
sample size and more complete global sampling may increase the number and frequency of 
haplotypes, the sharing of haplotypes (H1 and H3) among multiple sharks at the extremes of 
the geographic range (NW Atlantic and NE Pacific) will not change. 
 
2) Estimates of coalescence times and effective population sizes are based on tenuous calibrations of 
generation time and mutation rate, and the latter are derived from distantly-related sharks. The 
mutation rate and generation time are simple estimates based on few data, and should 
therefore not be interpreted quantitatively. Shark mtDNA evolution, however, appears to 
evolve about an order of magnitude slower than for bony fishes (Martin et al. 1992), which is 
consistent with our clock estimates used here. Consequently, we think that corresponding 
estimates are useful in a qualitative sense for determining whether (for example) population 
histories coalesce at 104, 105, or 106 years. 
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3.3.4.1  Control region morphology 

The CR in whale sharks (1,143 - 1,332 bp) is larger than observed in most elasmobranchs. 
Stoner et al. (2003) amplified this region in 52 species of elasmobranches and products were 
1030-1050 bp long except for the barn door skate, Dipturus laevis, which was ~1200 bp long. 
Other studies revealed a CR smaller than the whale shark (Squalus acanthias – 1080 bp, 
Rasmussen & Arnason 1999; Mustelus manazo – 1,068 bp, Cao et al. 1998; Heterodontus francisi 
– 1,068 bp, Arnason et al. 2001; Scyliorhinus canicula – 1,050 bp, Delarbre et al. 1998), or 
comparable to the smallest whale shark CR; Carcharodon carcharias – 1,146 bp, (Pardini et al. 
2001). Variation in size in the CR of whale sharks is also higher than reported for other sharks 
(Kitamura et al. 1996, Pardini et al. 2001, Keeney et al. 2005), with a 189 bp difference 
between the largest and the smallest amplicon. 
 
Variation in the size of the control region has been reported for a substantial number of bony 
fishes (Lee et al. 1995, Brown et al. 1996, Fujii & Nishida 1997, Bentzen et al. 1998, Hoarau et 
al. 2002, Rokas et al. 2003, Tsaousis et al. 2005). It is typically comprised of tandem repeats, as 
we observed in whale sharks (Figure 3.5). Our initial attempts to PCR amplify the CR of whale 
sharks using a variety of published shark primers failed, probably due to the highly duplicated 
nature of the CR. Because the rate and pattern of these mutations is unknown, most studies 
have not used size variants as population markers Insertions and deletions of repeat blocks 
may be relatively common, and homoplasy (convergence on the same number of repeats) is 
likely to confound any genealogical analysis. 
 

3.3.4.2  Genetic diversity and effective population size 

Despite an apparent decline in both catch rates and sighting of whale sharks in various regions 
(e.g., Stewart & Wilson 2005, Theberge & Dearden 2006, Bradshaw et al. 2007), there is still 
relatively high genetic diversity in the species. Threatened and endangered species are 
expected, however, to retain historical levels of genetic diversity if the decline has occurred 
only recently (Roman & Palumbi 2003, Bowen et al. 2006). In the only other global surveys of 
shark CRs, the blacktip shark yielded h = 0.75 – 0.81 and π = 0.0020 – 0.0021 (Keeney et al. 
2005), and the scalloped hammerhead sharks had h = 0.80 and π = 0.013 (Duncan et al. 2006), 
compared to h = 0.90 – 1.00 and π = 0.007 – 0.016 for whale sharks. These values are low 
compared to teleost fishes, but such low values of haplotype and nucleotide diversity are 
observed among many shark species and when using a variety of mtDNA assay methods (cf. 
Heist 1999, 2004). 
 
The relatively high diversity in whale sharks is surprising, given that the other two globally 
distributed sharks are common and abundant coastal species, whereas whale shark 
aggregations are generally small and uncommon. Two general processes might contribute to 
the relatively high haplotype and nucleotide diversity observed in whale sharks: 1) secondary 
contact between divergent allopatric lineages or 2) large stable populations. Except perhaps 
for haplotype H9, the mtDNA phylogeny reveals no evidence of distinct evolutionary lineages 
that now occur in sympatry. Hence the inference of a large, historically stable population (Nf ~ 
200,000) deserves special attention. Although the population size of whale sharks is unknown, 
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though suspected to be declining, it is possible that whale sharks have maintained 
demographically stable populations until the active fishing for them began very recently. Our 
coalescence analysis, although tentative, indicates that the most recent common ancestor was 
around 1 my ago and that genetically effective population size of females was approximately an 
order of magnitude larger than the current estimate (Table 3.4). This outcome is further 
supported by the mismatch distribution indication of relatively stable, large populations. 
Moreover, new whale shark habitats continue to be discovered; in recent years a number of 
seasonal feeding aggregations have been documented near continental coastline and island 
habitats (e.g. Rowat & Gore 2006). 
 
The large effective population size may mean that the transient surface feeding aggregations 
that are most often observed are not the principle habitats of adult whale sharks. Recent 
studies have demonstrated that at least some whale sharks spend most of each year distant 
from those coastal sites and often at relatively great depth in cold water (Wilson et al. 2006, 
Wilson et al. 2007). Although whale sharks appear to lack the anatomical, physiological and 
behavioral adaptations to conserve heat, the large body mass of adults may provide sufficient 
thermal inertia to allow extended cold-water exposure (Sims 2003, Wilson et al. 2006). 
Regardless of the extent of geographic and vertical population movements, it is clear that 
much of the habitat for this species is still unknown, and population sizes may indeed be 
considerably larger than expected (Nf = 22,000 – 67,200). 
 

3.3.4.3  Population structure 

Recent satellite tracking has discovered substantial vagility in whale sharks (Gunn et al. 1999, 
Eckert & Stewart 2001, Eckert et al. 2002, Wilson et al. 2006). Like traditional tag-recapture 
studies, satellite tracking provides generally only short-term data and allows limited inference 
about movements, habitat range, and inter-population exchanges during the shark’s life span 
and is not conclusive about the boundaries of stocks or evolutionary significant units (Moritz 
1994, Vogler & Desalle 1994, Waples 1995). Assessing patterns of genetic variation can 
supplement, enhance, and extend an understanding of population movements, illuminate 
cryptic evolutionary partitions, and inform management plans. Our studies of mtDNA of 
whale sharks indicates a population partition between Atlantic and Indian-Pacific ocean basins 
that might not be easily discovered by electronic tracking of small numbers of sharks. 
 
Our genetic studies indicate that whale shark aggregations from some ocean basins are 
substantially interconnected. Because our samples were collected from seasonal feeding 
aggregations, we cannot yet say, however, whether this pattern is due to interbreeding and 
gene flow among populations or just physical mixing of sharks from different populations in 
feeding areas. In any event, the high haplotype diversity that we detected is unexpected for 
multiple sampling of the same evolutionary unit. 
 
Whale shark population structure is low, even against the standards of large migratory fishes. 
Bluefin tuna (Thunnus thynnus) show subtle (ΦST = 0.013) but significant population structure 
between western Atlantic (Gulf of Mexico) and the Mediterranean, separated by ~11,000 km 
(Carlsson et al. 2007). The sailfish (Istiophorus platypterus) also is divided among ocean basins 
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with additional significant population structure also within the Pacific Ocean (Graves & 
McDowell 2003). Blue marlin lack subdivision within ocean basins, but are clearly divided 
among (ΦST = 0.217, Buonaccorsi et al. 2001). Marine mammals show similar patters of inter-
ocean differentiation. Humpback (Megaptera novaeangliae, Baker et al. 1994), minke 
(Balaenoptera acutorostrata, van Pijlen et al. 1995), fin whales (Balaenoptera physalus Berube et 
al. 1998), and Cuvier’s beaked whales (Ziphius cavirostris, Dalebout et al. 2005) all have 
pronounced inter-ocean subdivision and some division within an ocean basin between 
hemispheres. An interesting contrast to these examples is the sperm whale (Physeter 
macrocephalus); a true cosmopolitan species found in all ocean basins including polar regions. 
Population structuring in the sperm whale (GST = 0.03) is markedly less than that seen in the 
previously mentioned fish, whales, and whale shark and was only statistically significant among 
ocean basins. Interestingly, this was only true for the mtDNA but not for nuclear DNA 
presumably due to inter ocean migration by males. Barriers to movement between ocean 
basins generally appear to be stronger for marine mammals and large, pelagic fishes than for 
whale sharks. These comparisons indicate that large pelagic domains can be population 
barriers to many highly mobile fishes, whereas the only apparent barriers to whale sharks may 
be geographic and possibly thermal (see below). 
 

3.3.4.4  Marine phylogeography 

In recent years there has been renewed interest in the biogeographic barrier between the 
Indian and Pacific Oceans, apparently due to substantially lower sea levels during glacial 
maxima (Barber et al. 2000). While this barrier is consistent with evolutionary separations in 
small marine invertebrates (Barber et al. 2002), it is a less substantial (albeit significant) 
population barrier to marine fishes (Bowen et al. 2001, Chenoweth & Hughes 2003, Craig et 
al. 2007), including sharks (Duncan et al. 2006, Keeney & Heist 2006). Whale shark dispersal 
ability appears to be unimpeded by this intermittent barrier. This suggests that migratory 
routes may flexible enough to accommodate newly-submerged habitats, or that connectivity 
can be quickly re-established after a barrier of several tens of thousands of years. Regardless 
of where they are going, whale sharks commonly migrate over large areas and reestablishment 
of connections across newly removed barriers is likely. 
 
The last tropical connection between the Atlantic and Indo-Pacific ended with the rise of the 
Isthmus of Panama, about 3.5 MY ago (Coates & Obando 1996). In contemporary 
biogeography, the southern extensions of Africa and South America are regarded as 
formidable impediments to tropical connectivity. Yet tropical faunas of the Atlantic and Indo-
Pacific, including whale sharks, share connections on a scale shorter than 3.5 MY, indicating 
dispersal around southern Africa (Bowen et al. 1997, Bowen et al. 2001). Recent research 
indicates that such events are rare, being measured on a scale of 105-106 years (Roberts et al. 
2004, Rocha et al. 2005, Bowen et al. 2006). 
 
The cold Benguela Current along western South Africa represents a formidable barrier to the 
dispersal of tropical fishes into the Atlantic (Gibbons & Thibault-Botha 2002). In a compilation 
of whale shark stranding and sightings in South Africa, Beckley et al. (1997) confirmed the 
occurrence of whale sharks along this frigid Atlantic coast. They suggest, however, that sharks 
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arriving from the Indian Ocean succumb to the cold upwelling water and quickly perish. Here 
the observations on thermal tolerance are pertinent to discussions of inter-oceanic dispersal. 
Wilson et al. (2006) noted that whale sharks could inhabit cold water, but certainly not 
indefinitely. A deep cold-water grazing opportunity in the tropics can be balanced with a quick 
return to warm surface waters. In the Benguela upwelling system, however, surface waters are 
as cold as deep and no such relief from cold-water excursions is possible in this region, 
resulting death. Nonetheless, the sharing of haplotypes between Atlantic, Indian, and Pacific 
locations indicates a relatively recent connection. Whale sharks could have moved between 
Atlantic and Indian Ocean during hiatuses of Benguela upwelling that occurred between 
Pleistocene glacial epochs (Chang et al. 1999, Flores et al. 1999). Immediately following each 
ice age (100K to 400K years, but most recently 10K –20K years ago), tropical plankton appear 
in sediment cores off southwestern African, indicating an avenue of warm water into the 
South Atlantic (Peeters et al. 2004). Contemporary movement also is possible. Warm-core 
gyres from the Indian Ocean occasionally become entrained in the northward moving 
Benguela Current, feeding into the Central Atlantic (Flores et al. 1999, Penven et al. 2001). In 
either case, historical or ongoing gene flow is apparently limited, as indicated by the moderate 
and statistically significant global Φ ST  ≈ 0.13. 
 
Finally, the sharing of haplotypes may simply be due to the retention of ancestral 
polymorphisms. We consider this unlikely, given the low phylogeographic signal, multiple 
shared haplotypes, and pattern of high connectivity. Even so, retention of ancestral 
polymorphisms is characteristic of large, stable populations, a possibility raised by coalescence 
analyses. 
 

3.3.4.5  Conservation implications 

This first genetic survey of whale sharks indicates significant population structure throughout 
their global range. Management units for whale sharks may encompass 8,000 km in the 
Atlantic, and over 16,000 km in the Indian-Pacific ocean basins. Regardless of the potential for 
cryptic population subdivision, any management plan for whale sharks must consider that 
feeding aggregations drawn from a broad geographic range area in a single location. Unilateral 
management in any political jurisdiction will be inadequate for a highly mobile species that may 
travel through several political jurisdictions. Indeed, data from tracking studies of shark 
movements and our mtDNA survey both indicate that management plans for the Earth’s 
largest fish will require ocean basin-wide cooperation. Multinational coordination on that scale 
has proven challenging for tunas and billfish, very difficult for whales, and will likely be very 
difficult for whale sharks. Given the increase in fishing pressure and the evidence for 
population declines, the only effective conservation measure may be threatened species status 
under IUCN guidelines. 
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4.  PHOTOGRAPH MATCHING TECHNIQUES  
AND DEMOGRAPHIC MODELS 

4.1  OVERVIEW 

The use of photo-identification techniques are a central part of our studies of the ecology of 
whale sharks. At Ningaloo, our photographic libraries date back to 1992 and have recently 
expanded with access to images provided by the ecotourism industry via the Western 
Australian Department of Environment and Conservation. With large databases, some form of 
automatic comparison of images using computer software is essential. This has recently 
become possible using the open-access, image matching software I3S. However, before the 
software can be routinely applied some knowledge of accuracy, precision and limitations of 
matching is required. These issues were addressed using the Ningaloo photo-identification 
database. We developed an information criterion (IC) algorithm that resulted in a 
parsimonious ranking of potential matches of individuals in an image library. Automated 
matches were compared to manual-matching results to test the performance of the software 
and algorithm. Validation of matched and non-matched images provided a threshold IC weight 
(approximately 0.2) below which match certainty was not assured. Most images tested were 
assigned correctly; however, scores for the by-eye comparison were lower than expected, 
possibly due to the low sample size. The effect of increasing horizontal angle of sharks in 
images reduced matching likelihood considerably. There was a negative linear relationship 
between the number of matching spot pairs and matching score, but this relationship 
disappeared when using the IC algorithm. The software and use of easily applied information-
theoretic scores of match parsimony provide a reliable and freely available method for 
individual identification of whale sharks, with wide applications and the potential to improve 
mark-recapture studies without resorting to invasive marking techniques. 
 
Given that we had an automated matching technique, we could use this software and our 
photo-identification library to examine demographic patterns. Precise estimates of 
demographic rates are key components of population models used to predict the effects of 
stochastic environmental processes, harvest scenarios and extinction probability. We used the 
12-year photographic identification library of whale sharks from Ningaloo Reef to construct 
Cormack-Jolly-Seber (CJS) estimates of survival within a capture-mark-recapture (CMR) 
framework. Estimated survival rates, population structure and assumptions regarding age at 
maturity, longevity and reproduction frequency were combined in a series of age-classified 
Leslie matrices to infer the potential population trajectory of the population. Using data from 
111 individuals, there was evidence for time variation in apparent survival (φ) and recapture 

probability (p). The null model gave a φ̂  of 0.825 (95% CI: 0.727 – 0.893) and p̂  = 0.184 

(95% CI: 0.121 – 0.271). The model-averaged annual φ̂  ranged from 0.737 to 0.890. There 
was little evidence for a sex effect on survival. Using standardized total length as a covariate in 
the CMR models indicated a size bias in φ. Ignoring the effects of time, a 5 m shark has a 
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φ̂  = 0.59 and a 9 m shark has φ̂  = 0.81. Of the 16 model combinations considered, 10 (63%) 
indicated a decreasing population (λ < 1). For models based on age at first reproduction (α) of 

13 years, the mean age of reproducing females at the stable age distribution ( A ) ranged from 
15 to 23 years, which increased to 29 to 37 years when α was assumed to be 25. All model 
scenarios had higher total elasticities for non-reproductive female survival (E(snr)) compared to 
that for reproductive female survival (E(sr)). Assuming relatively slow vital rates (α = 25 and 
biennial reproduction) and size-biased survival probabilities suggest the Ningaloo Reef 
population of whale sharks is declining, although more reproductive data are needed to 
confirm this conclusion. Our work shows that combining relatively precise survival estimates 
from CMR studies with realistic assumptions of other vital rates provides a useful heuristic 
framework for determining the vulnerability of large oceanic predators for which little direct 
data exist. 
 
Given modelled and observed (see Chapter 4) declines in whale shark numbers we 
interrogated the photo-identification data bases focusing on potential threats to this species. 
We recorded scars on whale sharks in three Indian Ocean aggregations (Australia, Seychelles 
and Mozambique), and examined whether scarring (mostly attributed to boat strikes and 
predator attacks) influences apparent survival rates using these photo-identification libraries. 
Scarring was most prevalent in the Seychelles aggregation (67 % of individuals). Predator bites 
were the most frequent source of scaring (aside from minor nicks and abrasions) and 27 % of 
individuals had scars consistent with predator attacks. A similar proportion of sharks had blunt 
trauma, laceration and amputation scars, the majority of which appeared to be caused by ship 
strike. Predator bites were more common (44 % of individuals) and scars from ship collisions 
were less common at Ningaloo Reef than at the other two locations. In all aggregations, scars 
occurred most often on the caudal fin, which may result from the fin being the body part 
closest to the surface when boats pass over or as a large target for predators. We found no 
evidence for an effect of scarring on apparent survival (φ) for the Ningaloo (not scarred 
φ = 0.858 ± 0.033; scarred φ = 0.929 ± 0.033) or Seychelles populations (not scarred 
φ = 0.502 ± 0.060; scarred φ = 0.538 ± 0.070). The lower apparent survival of the Seychelles 
population may be attributed to a high number of transient sharks in this aggregation that 
might bias estimates. We conclude that while scarring from natural predators and smaller 
vessels appears to be unrelated to whale shark survival, the effects of deaths related to ship 
strike need to be quantified to assist in future management of this species. 
 
Ongoing work aims to quantify the extent of interchange among three major whale shark 
aggregations, Ningaloo Reef in Australia and Tofo Beach in Mozambique and Mahe Island, 
Seychelles. Ningaloo Reef and Tofo Beach are approximately 7,900 km apart, representing the 
eastern- and western-most extent of the distribution of whale sharks within the Indian Ocean, 
respectively, providing the best possible opportunity for differentiating putative stocks in 
whale sharks on a regional scale. This study will be the first major photographic database 
comparison of whale shark aggregation sites. 
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4.2  VALIDATION OF COMPUTER-AIDED MATCHING 

4.2.1  Introduction 

As previously outlined in Chapter 3, photo-identification is being used to identify individuals in 
the whale shark population at Ningaloo Reef, Western Australia. This method also allows the 
collection of additional information to assist in estimating demographic parameters. The aim of 
this section is to validate computer-aided matching of individual whale sharks. The results 
from trials of the pattern-matching software and an information-theoretic validation technique 
will also be presented. Finally, the results from population size estimates based on the 
computer matched and validated images are presented. 
 
4.2.2  Methods 

4.2.2.1 Matching software, fingerprint creation and image matching 

Prior to 2006, images of whale sharks were matched manually (by eye) in order to establish 
resights and population estimates (Meekan et al. 2006). As mentioned in Chapter 2, the 
software currently employed for matching photographs of whale sharks is Interactive 
Individual Identification System (I3S). This software, originally designed to match natural 
variation in spot patterns of grey nurse sharks (Carcharias taurus), was used to create 
‘fingerprint’ files and match individuals. Fingerprint files are used to identify individual whale 
sharks based on their spot pattern, in a fashion analogous to the concept of human fingerprint 
recognition. The area on the flank of sharks directly behind the 5th gill slit was selected as the 
most appropriate area to use for identification of whale sharks. This area was chosen based on 
consistency with past studies, and due to the ease that photographers can focus on this area 
(Arzoumanian et al. 2005, Meekan et al. 2006). The positioning of spots in this area was also 
less likely to be distorted due to undulation of the caudal fin, which may affect the matching 
success of I3S. 
 
The initial procedure once an image was entered into the database was to create a fingerprint 
file. Three reference points were required by I3S, points that could be easily and 
unambiguously identified in each photo were chosen: 1) the top of the 5th gill slit, 2) the point 
on the flank corresponding to the posterior point of the pectoral fin and 3) the bottom of the 
5th gill slit (Figure 4.1). 
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Figure 4.1. Fingerprint file creation (reference points and spot highlighting shown). 

 
 
After the initial reference points for each image were entered, the centres of the most 
obvious spots within and slightly posterior to the reference area were highlighted by the 
operator. The reference area includes the spots behind the 5th gill slit, below the uppermost 
longitudinal ridge, and in front of the start of the dorsal fin. I3S requires a minimum of 12 spots 
to be highlighted to form a fingerprint, and a maximum of 40 spots. Highlighting spots outside 
of the immediate reference area can affect the ability of the I3S matching algorithm Van 
Tienhoven et al. 2007a; therefore, highlighted spots were kept roughly within the reference 
area for fingerprinting. 
 
The requirement of all three reference points to be visible in the photograph for a fingerprint 
to be created meant that not all 797 photos in our database could be used. As such, 433 (54 
%) of the original photographs could be used, of which 212 were of the left side (LS) and 221 
were of the right side (RS) of the shark. To compare fingerprints, a common reference system 
is required, which is achieved by using a two-dimensional affine transformation Van Tienhoven 
et al. 2007a. 
 
The transformation is calculated as follows: 
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where M is the affine transformation matrix of x and y, and m11, m21, m12, m22, t1 and t2 are 
unknown variables (Van Tienhoven et al. 2007b). 
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The search function in I3S compares the new fingerprint file against all of the other fingerprint 
files in the database by using a two-dimensional linear algorithm. The algorithm calculates the 
sum of the distances between spot pairs divided by the square of the number of spot pairs 
(Hartog & Reijns 2004). The matching algorithm is calculated as follows: 
 
 Equation 2 
 
 
 
Where d is the distance between matching spot pairs and n is the number of matching spot 
pairs. The matched spot pairs with the minimum overall sum of the squared distances 
between them is the most likely match, and given a score from 1 to 0 (0 being a perfect 
match). The program also lists the next 49 most likely spot pair matches, which it ranks in 
decreasing order of likelihood (Figure 4.2). The next step is to look at the most likely match, 
which is ranked as the top of the list of 50 matches. I3S provides a visual match of the 
unknown image and the image with which it was matched (Figure 4.3). A visual display of the 
matching spot pairs called a ‘spot cloud’ is also available to assist in matching individuals (Figure 
4.4). 
 

 

Figure 4.2. Results of searching an unknown image in I3S, showing unknown image and the top 50 
ranking of the most likely matches (right side of the screen). Note. Because this example image was 
already present in the database, it was matched with itself (ranked number 1 in the list). Therefore, the 
image ranked in the second position is the most likely match in this situation. 

2n
d∑
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Figure 4.3. Visual comparison of unknown individual and matched individuals (left side of the screen). The 
top image is unknown, and the bottom image is the matched image from the database. 
 

 
Figure 4.4. Spot cloud of matching spot pairs (left side of the screen). The red spots are the fingerprint 
from the unknown shark, and the blue spots are the fingerprint from a shark found in the database. The 
green lines denote the distance between match spot pairs. 
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4.2.2.2  I3S matching validation 

I3S provides the user with a matching score (>0); however; this score does not take into 
account the uncertainty in the system, nor does it provide a relative score to all other images 
considered. A non-subjective validation technique is essential to assess the relative strength of 
matches, which has not been provided to date for automated photo-identification studies. 
Without a validation of image matches, the final decision is subjective, and may affect the 
quality of data used for parameterisation of demographic models. 
 
To provide a measure of match parsimony based on the philosophy of information theory and 
to compare possible image matches in a multi-model inferential framework Burnham & 
Anderson 2002, the match score was modified in the following manner: (1) the spot-averaged 
sum of squares was back transformed to a residual sum of squares, which was simply the spot 
score ( SS ) multiplied by the square of the number of matching spots (n); (2) an information 
criterion (IC) analogous to the Akaike Information Criterion (Akaike 1973) or Bayesian 
Information Criterion (Link & Barker 2006) was developed as follows: 
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where k = an assumed number of parameters under a simple linear model (set to 1 for all 
models) and the n′  = 100/n and accounts for the fact that an increasing number of spots 
automatically leads to a higher SS (the 100 multiplier scales the term to be > 1); 
 
(3) the IC weight (w) was calculated as: 
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where ΔIC = IC – ICmin for the ith image (ith ‘model’) 1 through m (where m = 49); 
 
(4) finally, the evidence ratio (ER) was calculated as: 
 

 
 
This IC algorithm was applied to a sample of 200 images; 25 matching pairs from the LS and 
RS databases and 25 non-matching pairs from the LS and RS databases. The LS and RS images 
were analysed separately using text outputs from I3S showing image name, I3S matching score 

Equation 5 
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and number of pairs matched by I3S (Appendix 1). The analysis was done using the R Package 
(R Core Development Team 2004); the code for the IC algorithm, (including w and ER), is 
given in appendix 2. 
 

4.2.2.3  Assessing ‘by-eye’ matches using I3S 

Thirty-three sharks were re-sighted inter-annually during the manual ‘by-eye’ analysis of the 
raw photo library (Meekan et al. 2006). Of any two by-eye matched images, one of the pair 
was entered into either the LS or RS database and searched. A match using I3S was successful 
if the by-eye matched images were ranked as the most likely match (as with the validation 
test) and confirmed using the IC algorithm (i.e., w1 ≥ 0.2). 
 

4.2.2.4  Horizontal angle (yaw) 

Video footage of 10 different sharks (5 LS and 5 RS) was used to capture sequences of five 
images per shark, where subjects were on differing horizontal angles (0°, 10°, 20°, 30° and 40° 
– Figure 4.5). The angles of yaw were estimated using Screen ProtractorTM software. 
Fingerprints were created for each image with 20 spots highlighted per fingerprint. The 10° 
images were searched against the 0° images and 10 non-matching images. This process was 
repeated, substituting images where subjects were on angles of 20°, 30° and 40° for both LS 
and RS image sequences. Five random, non-matching pairs were also searched against 0° and 
10° images, and then repeated for 20°, 30°, and 40° images. This allowed for a comparison 
between matching and non-matching pairs while testing for the effects of horizontal angle in 
images. Results were analysed using the same IC algorithm applied to the match validation and 
by-eye comparison tests. 
 

 
Figure 4.5. - An individual whale shark at differing angles of yaw (A: 0°, B: 10°, C: 20°, D: 30°, E 40°). 
This type of sequence was used to determine the effect of horizontal angle on the I3S matching process. 
 

4.2.2.5  Number of spot pairs 

Fifty known-matching pairs were compared to one another using I3S. Only the matching pairs 
that were successfully confirmed during validation of I3S matches were included in this test. I3S 
scores were compared against the number of spot pairs matched in I3S. The w1 for each image 
was also compared against the number of spot pairs matched by the I3S algorithm. A 
complementary log-log transformation (clog-log) was applied to normalize the distribution of 
I3S scores and w1, and a log10 transformation was used to normalize the distribution of spot 
pairs. We tested for a linear relationship between the transformed variables using least-
squares regression and information-theoretic evidence ratios. Goodness-of-fit was tested 
using the least-squares R2 value. 
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4.2.2.6  Population Size Analysis 

The initial population size estimates for this study were calculated using a capture matrix 
based on I3S matches. The capture matrix consisted of all individuals with both sides 
fingerprinted, and RS only fingerprinted. Individuals which had LS fingerprinted only, where 
excluded to reduce the potential error of double counting individuals. Only inter-annual 
sightings of individuals were included within the capture matrix. Population size estimates 
were further refined by repeating the experiment using the capture matrix consisting of only 
I3S matches that had been validated using the IC algorithm. Images that received IC w scores 
above the IC w threshold were considered to be validated. All resights that were not validated 
were removed from the capture matrix prior to reanalysis. Similarly, this capture matrix only 
consisted of inter-annual sightings of individuals. 
 
Population estimates using a series of closed population models (assuming no net immigration 
or emigration) were initially calculated using the program CAPTURE, and examined variants of 
the Lincoln-Petersen (LP) model (Meekan et al. 2006). Due to the sensitivity LP estimates to 
temporary emigration and the low power associated with databases comprising a low rate of 
recapture (resighting), an open-population Cormack-Jolly-Seber model (Schwarz & Arnason 
1996) was also applied using the POPAN option in the program MARK (White & Burnham 
1999) to estimate population abundance (Table 4.1). 
 

Table 4.1. Open-population models for whale shark population re-assessment using MARK 

Model Name Model Equation 
Constant (null) φ(.)p(.)β(.)N(.) 
Capture probability-time variant φ(.)p(t)β(.)N(.) 
Apparent survival-time variant φ(t)p(.)β(.)N(.) 
Probability of entry-time variant φ(.)p(.)β(t)N(.) 

Note: φ = apparent survival, p = capture probability, β = probability of entry to population 
per occasion and N = super-population size. 

 
 
Time intervals were set according to years sampled between 1992 and 2006 which were 
yearly from 1992-1996, 2001, then again yearly from 2003-2006). As such, the number of 
years elapsed between resighting events (years) was 1, 1, 1, 1, 5, 2, 1, 1 and 1. All models 
were fitted using the logit link function for φ and p, the identity link function for N, and the 
multinomial logit link function (MLogit [1]) to constrain the β parameters to be ≤ 1 (White & 
Burnham 1999). Parameters counts (k) for each model were adjusted to account for the fact 
that not all were estimable due to low recovery rates in some years. Akaike’s Information 
Criterion corrected for small sample sizes (AICc) was adopted to give a model comparison 
and model-averaged estimates of N (Burnham & Anderson 2002). AICc was calculated as 
follows: 
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Goodness-of-fit was calculated using the program RELEASE implemented in MARK. The 
coefficient of variation (CV) was also calculated for each model as a measure of parameter 
precision for abundance estimates: 
 

 
 
 
 
4.2.3  Results 

4.2.3.1  I3S (Interactive Individual Identification Software) matching validation 

The Information Criterion weights (w) for the most parsimonious matches (w1) for the 50 
matched pairs were broadly distributed between 0.05 and 0.85, while w1 for non-matched 
pairs were highly right-skewed (Fig. 4.6a,b). All w1 for non-matched pairs were < 0.18. The 
median w1 for matched pairs was 0.32 (± SE 0.05), which was much greater than the median 
for non-matched pairs (0.06 ± 0.01). Evidence ratios for the best-matched relative to the next-
highest matched images (ER1) for known matched pairs were also highly right-skewed and 
ranged from 0.73 to 51.92, with a median of 7.36 (± 2.45) (Fig. 4.6c). ER1 values for non-
matched pairs were all < 3.5 (median = 1.21 ± 0.09) (Fig. 4.6d). Evidence ratios for the second 
best-matched relative to the next-highest matched images (ER2) for known matched pairs 
ranged from 0.73 to 114.18, with a median of 7.57 (± 3.82). ER2 values for non-matched pairs 
were also all < 3.5 (median = 1.42 ± 0.12). 
 
Overall, 93 images out of the 50 known-matched pairs were matched correctly using I3S. w1 
for the correctly assigned matches ranged from 0.05 to 0.85 (median = 0.36 ± 0.05), and their 
ER1 ranged from 0.73 to 51.92 (median = 8.82 ± 2.56) (Figure 4.7 a & b). Known-matched 
photographs that I3S failed to match (7 images) had w1 that ranged from 0.05 to 0.14 (median 
= 0.07 ± 0.02), with their ER1 ranging from 0.95 to 2.28 (median = 1.23 ± 0.36). 
 

Equation 7 

Equation 6 
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Figure 4.6. I3S matching validation IC weights (w1). Distribution of IC weights for known matched (a) and 
non-matched pairs (b), and I3S matching validation evidence ratios (ER1) for known matched (c) and non-
matched pairs (d) are shown. 
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Figure 4.7. Median (a) IC weights (w1) for known matched pairs showing images matched and not matched with I3S; (b) Median evidence ratios (ER1) for known matched pairs 
showing images matched and not matched using I3S. 
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4.2.3.2  Assessing ‘by-eye’ matching using I3S 

Ten of the 33 individuals re-sighted between years in the database used by Meekan et al. (Meekan et 
al. 2006) could not be matched with I3S because their images were not amenable to I3S fingerprinting 
(absence of reference points), or their match was not present in the database. This was because the 
Meekan et al. (2006) study also used images from a separate database and included scar-identified 
individuals that were not available for photographic matching using I3S. Therefore, we could only re-
assess 23 of these by-eye matches that included 13 LS matches and 16 RS matches (58 images total). 
 
Forty-eight of the 58 images (83 %) from the 23 individuals were matched correctly using I3S. w1 for 
the correctly assigned by-eye matches ranged from 0.05 to 0.53 (median = 0.16 ± 0.04) (Fig.  4.8a), 
and their ER1 were between 1.04 and 24.57 (median = 2.33 ± 1.58) (Fig.  4.8b). Incorrectly assigned 
by-eye matches had w1 ranging from 0.04 to 0.13 (median = 0.06 ± 0.01) and their ER1 ranged from 
0.67 to 2.76 (median = 1.04 ± 0.37). I3S also identified two images that were false positives (i.e. 
sharks that were incorrectly matched with other photographs) in the by-eye matching process. 
Neither of these images was matched with other known images of the identified sharks. 
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Figure 4.8. By-eye versus I3S matching Results. (a) Median IC weights (w1) for by-eye matched images that were matched and not matched using I3S; (b) Median evidence 
ratios (ER1) for by-eye matched images that were matched and not matched using I3S. 
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4.2.3.3  Horizontal angle 

Mean w1 scores decreased linearly as the horizontal angle of subjects within images increased (Figure 
4.9 a).  Mean w1 scores ranged between 0.88 (± 0.06) for angles of 10˚, to 0.30˚ (± 0.13) for angles of 
40˚. Standard errors for w1 were relatively low for angles of 10˚ and 20˚; however, these increased 
noticeably for angles of 30˚ and 40˚. The images of subjects at 30˚ approached mean w1 scores for 
non-matching pairs, and mean w1 scores for images of subjects at 40˚ overlapped mean w1 scores for 
non-matching pairs. 
 
There was an exponential decline of mean ER1 with increasing angle (Figure 4.9b). Mean ER1 ranged 
from 89.42 (± 52.23) for images of subjects at 10˚ to 4.06 (± 2.80) for images of subjects at 40˚. The 
images of subjects at 30˚ approached mean ER1 for non-matching pairs, and mean ER1 for images of 
subjects at 40˚ overlapped mean ER1 for non-matching pairs. 
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Figure 4.9.  Effect of angles of yaw. (a) Mean IC weights (w1) for horizontal angle categories, where images at 0˚ were matched against images skewed by 10˚, 20˚, 30˚ and 
40˚. Dotted lines show results for non-matching pairs; (b) Mean evidence ratios (ER1) for horizontal angle categories, where images at 0˚ were matched against images skewed 
by 10˚, 20˚, 30˚ and 40˚. 
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4.2.3.4  Number of spot pairs 

There was evidence for a negative relationship between the transformed I3S scores and spot pairs 
(ER = 9.94 × 105, adjusted R2 = 0.26; Figure 4.10 a), but no evidence for a relationship between 
transformed w1 and the number of spot pairs (ER < 1; Figure 4.10 b). 
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Figure 4.10.  Effects of spot-pair number. (a) Relationship between complementary log-log-transformed (clog-log) I3S scores and log10-transformed number of spot pairs.  
The fitted line illustrates the correlation observed using a linear regression; (b) Comparison of clog-log-transformed w1 with log10-transformed number of spot pairs. 
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4.2.3.5  Whale shark population size using I3S matches 

After the removal of multiple images of the same individual, a total number of 208 individual 
sharks were identified for the period between 1992 and 2006 (excluding 1997, 1998, 1999, 
2000 and 2002). Eighty-four of these individuals had both RS and LS fingerprints, 73 had RS 
fingerprints only and 51 had LS fingerprints only. We therefore excluded individuals with LS 
only fingerprints to avoid double counting the same individual, which left a total of 157 
individuals suitable for use in population estimates. From a total of 157 individuals, there were 
30 individuals that were resighted inter-annually. Twenty-six of these were included in the 
population analysis because they either had the right side or both sides fingerprinted. 
 
Ten capture sessions (excluding years where sampling did not occur) including 157 individuals 
with fingerprints, seen in 187 separate sightings over the study period, enabled the estimation 
of population size using differing models and estimators. The model that provided the best fit 
under the model selection criteria provided by CAPTURE was the time-variant and 
heterogeneity model (Mth, model selection criterion = 1.0). Tests for closure (z = -1.886, P = 
0.029) and closure by frequency of capture (z = -3.825, P = 0.00007) both violated the 
assumption of homogeneity of capture probabilities (i.e., the population was not closed). The 
Mth model using the Chao estimator provided time-variant capture probabilities (pt) ranging 
between 0.01 (2005) and 0.08 (1994). No trend was observed over time. Population estimates 
are summarised in (Table 4.2). 
 
Table 4.2. Summary of population size estimates from closed and open populations for I3S resights 

Model  Goodness of Fit N Range CV (%) 
Closed     
Mth (1992-2006)   367-780 20 
     
Mtb (1992-2006) 

 

Chao χ7
2  = 34.64 

P = <0.001 

189-5216 150 

M t Chao χ58
2  = 71.95 

P = 0.102 

347-628 15.5 

Open (Jolly Seber)     
φ(.)p(.)β(.)N(.)  χ1

2  = 0.28 265-363 8.2 

  P = 0.60   
φ(.)p(.)β(t)N(.)  χ1

2  = 0.28 265-363 8.2 

  P = 0.60   

Note: φ= apparent survival, p = capture probability, β = probability of entry to population per occasion 
and N = super-population size. 
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Only one of the parameters for time-variant models converged using the POPAN open-
population Jolly-Seber model structure, which was the time-variant probability of entry model 
(φ(.)p(.)β(t)N(.)). The reason that many of the time variant models did not converge was due 
to some parameters being inestimable from a low number of resights in particular years. The 
constant model (φ(.)p(.)β(.)N(.)) converged with an AICc of approximately 100 % (Table 4.3) 
and provided a super-population size of 265-363 individuals (Table 4.2). 
 

Table 4.3. Results for model analysis using non-validated (unvalidated) I3S dataset - Small sample 
size corrected Akaike Information Criterion (AICc), change in AICc (∆AICc), AIC weights (w AICc), 
number of parameters (k) and deviance. 

Model AICc ∆AICc w AICc NP (k) deviance 

φ(.)p(.)β(.)N(.) 16252.9491 0.0000 0.99841 3 15420.6390 
      
φ(.)p(.)β(t)N(.) 16265 12.8868 0.00159 9 15420.6390 

 

4.2.3.6  Whale shark population size using validated I3S matches 

Using the wi threshold of 0.2 determined from the validation tests, only 14 of the 26 
individuals resighted inter-annually were validated. w1 for validated resights ranged between 
0.21 and 0.77, with a mean of 0.41 (S.E ± 0.08) (Figure 4.11). w1 for non-validated (unvalidated) 
resights ranged between 0.05 and 0.14, with a mean of 0.06 (S.E ± 0.02). 

 
Figure 4.11. Mean validated and unvalidated (< 0.2) w1 for inter-annual resights used 
for population modelling. 
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The ten capture sessions included 145 individuals with fingerprints seen in 161 separate 
sightings over the study period. These were used to create IC-validated population estimates 
using differing models and estimators. The model which provided the best fit under the model 
selection criteria provided by CAPTURE, was the time variant model (Mt) (χ56

2
 = 58, P = 0.40, 

model selection criterion = 1.0) (Table 4.4). 
 
The test for closure (z = -2.783, P = 0.002) and closure by frequency (z = -3.525, P = 0.00021) 
were both violated under the null model of no heterogeneity in capture probabilities. The Mt 
model using the Chao estimator provided time-variant capture probabilities (pt) ranging 
between 0.01 (1993) and 0.05 (1994). No trend was observed over time. Population estimates 
are summarised in Table 4.4. 
 
The only time-variant model with converging parameters was the time-variant probability of 
entry model. The constant model using the POPAN open-population Jolly-Seber model 
structure implemented in MARK for 1992-2004 estimated the super-population size at 
between 280 and 452 individuals, with an AICc of approximately 90 % (Table 4.5). 
 

Table 4.4. Summary of population size estimates from closed and open populations for validated I3S 
resights 

Model  Goodness of Fit N Range CV (%) 
Closed     
Mt (1992-2006) Chao χ56

2  = 58 447-1211 26.2 

  P = 0.40   
Mtb (1992-2006) Chao χ7

2  = 27.74 176-8696 203 

  P = < 0.001   
Mth (1992-2006)   497-1428 28 

Open (Jolly Seber)     
φ(.)p(.)β(.)N(.)   280-453 12.4 
     
φ(.)p(.)β(t)N(.)   280-453 12.4 

 
 

Table 4.5. Results for model analysis using validated I3S dataset - Small sample size corrected 
Akaike’s Information Criterion (AICc), change in AICc (∆AICc), AIC weights (w AICc), number of 
parameters (k) and deviance. 

Model AICc ∆AICc w AICc NP (k) deviance 

φ(.)p(.)β(.)N(.) 11517.4869 0.0000 0.89255 3 10803.5630 
      
φ(.)p(.)β(t)N(.) 11521.7211 4.2342 0.10745 5 10803.5630 
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4.2.4  Discussion 

4.2.4.1  I3S Analysis & Information Criterion Algorithm 

Our assessment of I3S, coupled with an incorporation of an information-theoretic algorithm 
was effective given that the natural spot pattern of whale sharks was well suited to this 
system. Validation of I3S matches using the Information Criterion algorithm provided a 
threshold w1 for known matched pairs of approximately 0.2, below which w1 for non-matched 
pairs fell. Known matched pairs not matched by I3S, or that were matched with low (i.e., < 
0.2) w1, probably resulted due to poor clarity or high angles of yaw. This highlights the need to 
only select images of the highest quality for matching purposes (Friday et al. 2000). The 
validation process is necessary with most computer-aided matching algorithms because this 
alleviates much of the subjectivity associated with the final stage of matching 
 
I3S (open access at www.reijns.com/i3s), was effective at confirming past matches made by eye 
in most instances. Images that were successfully confirmed using our Information Criterion 
algorithm received relatively low w1 and ER1 overall, most likely as a result of a considerably 
smaller sample size than that used for validation. I3S was also a useful tool for identifying image 
matches that were assigned incorrectly (i.e., both false positives and false negatives). When 
matching whale shark patterns by eye, the observer generally does not focus on the spots per 
se; rather, attention is usually paid to the lines and whirls (see Fig. 4.1) on the flank of the 
shark. I3S therefore provides an unbiased method of matching natural markings, which is 
relatively impervious to user subjectivity. 
 
We found strong evidence that horizontal angle of subjects within images compromises the 
ability of the I3S algorithm to make reliable matches. As the horizontal angle of subjects in 
images increases, the matching likelihood decreases. Angles of yaw up to 30˚ compromise the 
matching process even though many of these images were still matched correctly. Conversely, 
images with angles of yaw ≥ 40˚ will more than likely be incorrectly assigned. Due to the linear 
algorithm used by I3S to match spot patterns it is important to use only those photos with 
little or no contortion of the reference area. Likewise, the number of spots annotated in 
fingerprints can also potentially influence the I3S matching process. The higher the number of 
spot pairs matched, the lower the I3S score and hence, the higher the matching certainty. This 
corroborates similar findings from a study of Carcharias taurus (Van Tienhoven et al. 2007b) 
and emphasizes the benefit of using information-theoretic measures of matching parsimony 
because the updated algorithm takes relative match certainty into account. 
 
The number of suitable images from our database for use in I3S was considerably reduced due 
to the absence of reference points, poor image quality and oblique angles of subjects. The 
rejection rate is inflated particularly by the use of photographs taken without the explicit aim 
of photographic matching because many are derived from ecotourism operations. However, 
the efficiency and reliability of matching with I3S more than compensated for the reduced 
sample size. The number and size of images in an I3S database can potentially slow down the 
program’s operating speed; therefore, it is ideal to scale down the size of photographs and 
only include the best image of a particular animal. In addition to horizontal angle, roll and pitch 
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of sharks in images may affect the matching process. Pitch seems likely to be only a minor 
problem, because digital photos can be rotated so that the animal is aligned with the 
horizontal. We had few images of the same individual at varying angles of roll, so we were 
unable to examine this potential problem. 
 

4.2.4.2  Estimating population size 

The first population estimates for the aggregation of whale sharks at Ningaloo Reef were 
based on a dataset of images collected between 1992 and 2004, from which 184 individuals 
were identified manually (Meekan et al. 2006). Data from 2005 and 2006 were included in this 
analysis, in which an additional 24 individuals were identified (a total of 208 individuals). The 
first population estimates were based on 159 individuals, where either images for both sides 
or the right side were present (i.e., left side-only images were discarded to remove the 
possibility of double-counting individuals). There were a similar number of individuals (157) 
identified for population assessment in this study. Meekan et al. (2006) identified 33 individuals 
which were resighted between 1992 and 2004, which compared to 30 individuals identified by 
I3S in this study between 1992 and 2006. Despite the Meekan et al. (2006) study having fewer 
sampling occasions, fewer individuals were identifiable in this study due to a large number of 
images being incompatible for matching with I3S. 
 
Population estimates based on data obtained via I3S matches were similar to the initial open 
population estimates found by Meekan et al. (Meekan et al. 2006) – the Ningaloo super-
population (i.e. the population of individuals that visit Ningaloo Reef) is between 300 and 500 
individuals based on open population models, with closed population estimates providing a 
much wider range (176-8696). This provides evidence to support the hypothesis that initial 
population estimates made by eye were a reasonable approximation. The relatively high 
number (12 of 26) of known inter-annual resights that were not validated using information 
criteria weights was most likely due to oblique horizontal angles of subjects in images found in 
the I3S validation tests (Fig.4.1). The resights that had information criteria weights below the 
pre-determined certainty threshold (0.2) were removed from the capture matrix prior to 
population re-analysis to remove any uncertainty in resights. The information criteria weights 
and evidence ratios provide a measure of match parsimony based on the strength of matches, 
which can be misleading if the quality of images compared are poor (see Friday et al. 2000). 
Therefore, rather than dismissing resights completely based on low information criteria 
weights or evidence ratios, it is more appropriate to make the final decision by manual 
inspection under these circumstances. 
 
The use of validated images for population estimation has provided a measure of certainty in 
resights and resultant estimates of population parameters such as abundance and vital rates 
(e.g., survival and population trajectories; Bradshaw et al. 2007). The validation of image 
matches also assists in reducing identification errors which are common in photo-
identification, such as false-positives and false-negatives. These types of errors can greatly 
inflate population estimates (Stevick et al. 2001), which can have serious implications for the 
management of threatened populations. Population estimates for whale sharks at Ningaloo 
Reef are based on the assumption that their spot and stripe patterns remain stable through 
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time. Therefore, if ontogenetic changes in spot patterns do occur, the number of individuals 
resighted will likely be underestimated and estimates of population size would be upwardly 
biased (Meekan et al. 2006). 
 
In addition to data quality, sampling effort has the potential to affect estimates if it has varied 
over sampling periods. Sampling effort varied between the periods of 1992-2003 and 2004-
2006 in this study. This variation in sampling effort may be a contributing factor to the few 
resights seen in recent years; nevertheless, population estimates should be viewed tentatively 
until enough image matches are obtained to reduce uncertainty (Meekan et al. 2006). Future 
estimates of population size should be facilitated by the recent policy of photo sharing 
implemented by the Western Australian Department of Environment and Conservation 
(DEC), described in Chapter 2. 
 
 
 

4.3  MODELLING OF DEMOGRAPHY: INFERRING POPULATION 
TRENDS FOR THE WORLD’S LARGEST FISH FROM MARK-
RECAPTURE ESTIMATES OF SURVIVAL 

4.3.1  Introduction 

Demographic data are useful for determining the effects of stochastic processes on abundance 
(Sibly & Hone 2002), the type and strength of regulation operating on a population (Bradshaw 
et al. 2005, Sibly et al. 2005), and extinction risk faced by populations under various 
environmental scenarios (Fagan & Holmes 2006). However, demographic data alone cannot 
always divulge the mechanisms responsible for population trajectories, which is especially 
inconvenient when management actions are required to mitigate decline (McMahon & Burton 
2005). Population viability analyses (PVA) have provided a means to examine the relative 
contributions of competing factors on rates of population change (Cochran & Ellner 1992, 
Caswell et al. 1999), and have given useful heuristic direction in managing the processes 
threatening species of conservation concern (Brook & Bradshaw 2006). Despite this advance, 
most PVA models rely on detailed life history data (Ellner et al. 2002) and researchers are 
forced to make profligate assumptions when such data are missing or based on small samples. 
As such, the estimation of high-precision demographic parameters like age- or stage-specific 
survival and fertility rates should be a major aim of any study attempting to elucidate the 
mechanisms driving population decline and persistence. 
 
The world’s largest fish, the whale shark (Rhincodon typus Smith 1828), is also one of the least-
studied and poorly understood shark species. No data on survival rates are available, and the 
reproductive data that do exist are based on extremely small sample sizes (Joung et al. 1996, 
Colman 1997). Even basic parameters such as growth, age at first reproduction, longevity, and 
population size are unknown for the majority of populations. However, some data exist for 
growth rates of captive juveniles (Chang et al. 1997), size and age at first reproduction (Pai et 
al. 1983, Satyanarayana Rao 1986, Wintner 2000), size distributions (Pravin 2000, Meekan et 
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al. 2006), and abundance estimates for particular aggregations (Heyman et al. 2001, Meekan et 
al. 2006). 
 
The predictable aggregation of whale sharks that occurs each year from March to June at 
Ningaloo Reef, Western Australia (Taylor 1996, Wilson et al. 2001a) has been the site of a 
large and lucrative eco-tourism industry where extensive photo-identification has been done 
over the last 15 years (Meekan et al. 2006). Recent studies have examined the potential to 
identify individuals over time using automated (Arzoumanian et al. 2005) or manual (Meekan 
et al. 2006) approaches, with the mark-resight data used to predict the size of the super-
population participating in the Ningaloo aggregation at 300 to 500 individuals (Meekan et al. 
2006). The photo-identification dataset can also be used within a capture-mark-recapture 
(CMR) modelling framework to estimate demographic parameters such as survival and capture 
probability. 
 
Good estimates of whale shark demographic rates are essential components for assessing 
their conservation status. The species is listed as vulnerable according to World Conservation 
Union criteria (IUCN 2005) based on its rarity and reduction in catch rates in the regions 
where they are fished to supply meat throughout Asia (CITES 2002, IUCN 2005). Satellite 
tagging studies have verified that whale sharks attending the Ningaloo aggregation regularly 
migrate into Southeast Asian waters (Wilson et al. 2006; J. Polovina et al., unpubl. data), with 
anecdotal evidence suggesting that some tagged animals have fallen victim to fishing in this 
region (J. Polovina et al., unpubl. data). Additionally, Meekan et al. (2006) reported a decline in 
the proportion of large whale sharks seen between 1992 and 2004, which may indicate 
human-mediated changes in the age-class distribution of this population. 
 
In this study we use the photo-identification database described in Meekan et al. (2006) to 
estimate apparent survival and capture probabilities for the Ningaloo Reef aggregation. We 
assess variation in survival over time, between the sexes, and as a function of an individual’s 
total length. These survival estimates and other available demographic data reported in the 
literature are then incorporated into a series of age-classified Leslie matrix population models 
to assess the long-term persistence probability of the aggregation. Our overall aim is to 
provide a heuristic assessment of the possible population trajectory given our mark-recapture 
estimates of survival probability for this aggregation. This general template can be used to 
derive information on population assessments when demographic, abundance, and other key 
data are missing for species of conservation concern. 
 
4.3.2  Materials and Methods 

4.3.2.1  Study area and population 

Our study was done at Ningaloo Reef (21º 32.4’ S, 114º 6.0’ E) off the coast of Exmouth in 
Western Australia from 1992 to 2004. Whale sharks aggregate predictably here from March 
to June each year (Taylor 1996, Wilson et al. 2001a) and their presence supports a highly 
profitable ecotourism industry (Davis et al. 1997, Davis 1998). Observers have taken 
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photographs of sharks attending this aggregation for over 12 years for the purposes of photo-
identification (Arzoumanian et al. 2005, Meekan et al. 2006). 
 

4.3.2.2  Data collection 

A total of 581 photographs were taken of whale sharks between March and July from 1992 to 
2004 (Meekan et al. 2006). Photographs were made 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 
(D1H) were recorded using a measuring tape after animals were photographed. In cases 
where only D1H was measured, we used a previously established equation to predict TL 
(Meekan et al. 2006): 
 

D1HTL 348100591 .. +=  
 
Animal gender was determined whenever possible by distinguishing males based on the 
presence of claspers on the pelvic fins (Taylor 1994a). It was often difficult to discern claspers 
in relatively small (< 4 m TL) sharks, so those animals were recorded as indeterminate gender 
(Meekan et al. 2006). 
 

4.3.2.3  Mark-recapture analysis 

We used Cormack-Jolly-Seber (CJS) capture-mark-recapture (CMR) models (Cormack 1964, 
Jolly 1965, Seber 1970) implemented in program MARK (White & Burnham 1999) to model 
apparent survival (φ) and recapture (resighting) probability (p) of whale sharks participating in 
the Ningaloo Reef aggregation. Our primary interest was to estimate mean survival probability 
for inclusion into models projecting the population through time, so we endeavoured to 
assess variation in this parameter due to time and size effects. Estimates of φ within a CMR 
framework confound mortality with permanent emigration from the population, so some 
underlying knowledge of population closure is required to assess the degree of potential bias 
associated with survival estimates. We established previously that closed and open population 
models provided similar estimates of population size at the Ningaloo aggregation (Meekan et 
al. 2006). This suggests that the super-population is comprised of individuals that are not 
infrequent transients, but are those that attend the aggregation at least semi-regularly. As 
such, we expect that the estimates of survival derived from the CMR provided reasonable 
parameters for inclusion into population models. 
 
Our first analysis ignored the effects of size and sex and examined whether there was 
evidence for annual variation in φ and p over the course of the study (1992 – 2004). Models 
were compared using an information-theoretic measure of model parsimony, Akaike’s 
Information Criterion (Akaike 1973, White & Burnham 1999) and goodness-of-fit was 
assessed using the simulation procedures provided in program MARK (White & Burnham 
1999). A second model set was constructed to incorporate the effects of sex and time (16 
models considered). Two separate analyses were done to determine whether there was a 
size- (length-) bias in survival using the estimates of total length. The first model set 
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considered size as a categorical variable, where sharks < 8 m were considered immature and 
those ≥ 8 m as mature (Colman 1997; see also below). This size-based grouping was applied 
only to the apparent survival parameter, with full time dependency considered for φ and p (16 
models). A potentially more sensitive assessment of the effects of size on survival used total 
length as a standardized covariate in a linear model to predict the logit of φ (again, with the 
time effect considered for both φ and p). Here we examined the effects of total length as 
potentially altering both the intercept and slope of the linear model predicting logit(φ) (12 
models considered). 
 

4.3.2.4  Population models 

To examine how our estimated survival probabilities altered population projections, we 
constructed a series of age-based Leslie matrix population models to examine the potential 
population trajectory (Caswell et al. 1999). Although we have now estimated many of the 
demographic rates necessary to parameterize population models such as population size, sex 
ratio, size distribution (Meekan et al. 2006) and survival (this study), many other parameters 
are unknown or based on few data. As such, we defined several model scenarios that 
examined different assumptions with respect to the least-known parameters. 
 

4.3.2.5  Model structure 

Although stage-classified models have been used to project shark populations through time 
(Frisk et al. 2002, Mollet & Cailliet 2002, Otway et al. 2004), the relatively simple life history of 
elasmobranchs (i.e., sharks, rays and skates) coupled with the distorted elasticity patterns 
derived from stage-classified models (Mollet & Cailliet 2003b) argue for the use of simpler age-
classified Leslie matrix models for whale sharks. We constructed a simple, deterministic and 
density-independent Leslie matrix (birth-pulse, post-breeding design – Caswell et al. 1999) for 
each of the model scenarios (described below) using the R package (R Core Development 
Team 2004) where the matrices were based on the general life cycle graph: 
 

 
 
Here, s = the age-specific survival probability, x = age in years, α = the age at primiparity,  
ω =  maximum age in years (longevity), m = litter size per female, q = pup sex ratio, and  
b = adult female reproduction frequency. For biennial reproduction, we calculated the 
discounted fertilities for every second year after α (i.e., setting the non-breeding years’ 
discounted fertilities to 0). 
 

1 2 3 α ω 1s 2s ...1+→xxs ...1+→xxs

bqmsx ⋅
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4.3.2.6  Parameter estimates and assumptions 

Whale sharks are live-bearers with an aplacental viviparous mode of development (Joung et al. 
1996, Colman 1997). However, there is only one record of a captured female measuring 
approximately 11 m TL found to contain 300 embryos (Joung et al. 1996). There is no 
information available for the frequency of reproduction, with annual, biennial, and possibly 
more infrequent reproduction possible. As such, the fertility parameter was calculated as the 
number of potential pups (m) × the assumed pup sex ratio (q) 0.5 ÷ the frequency of 
reproduction (b) taking values of one or two (see Model Scenarios below). 
 
Age at sexual maturity for females is thought to occur at > 8 – 9 m total length based on two 
female specimens of this size captured in Indian waters found to have immature ovaries (Pai et 
al. 1983, Satyanarayana Rao 1986). Colman (Colman 1997) therefore suggested that sexual 
maturity is reached at > 9 m. We assumed that all individuals ≥ 8 m were mature given the 
observed peak in the distribution of whale sharks at Ningaloo was 8 m (Meekan et al. 2006), 
which suggests an appearance in the seasonal aggregation of a particular (potentially) 
reproductive class relative to immatures. Additionally, growth rates (and hence length at 
sexual maturity) may be lower for animals regularly visiting the relatively cooler waters of 
Western Australia compared to India. Thus, based on our sample of individuals for which total 
length was known or estimated, the proportion of individuals that were mature (≥ 8 m) was 
31 ÷ 108 = 0.29. However, a study of vertebral growth rings from stranded individuals 
recovered in South Africa (Wintner 2000) suggested that an immature 5.77 m (TL) female was 
22 years old assuming annual growth rings (age not validated), although maturity could not be 
determined absolutely given the lack of mature animals to autopsy. Nonetheless, we repeated 
all model scenarios where the duration of the immature stage was doubled (i.e., 24 years). No 
modification was made to overall longevity (see below) given that so few individuals remained 
after maximum age as to make little difference to the matrix outputs. 
 
We used the von Bertalanffy growth function (von Bertalanffy 1938): 
 

( ) kt
t eLLLL −

∞∞ −−= 0  
 
where Lt = predicted total length (m) at age t (in years), L∞ = asymptotic maximum length,  
L0 = length at birth and k = a rate constant in units of reciprocal time. 
 
This growth equation has been shown to be suitable for many elasmobranch species (Aasen 
1963, Cailliet et al. 1992, Van Dykhuizen & Mollet 1992, Gallucci et al. 2006) and it can be 
used as a means to translate size-based estimates of survival to age-based probabilities and to 
estimate longevity. Pauly (2002) suggested that the rate constant (k) for whale sharks was 
0.031 year-1 with a corresponding longevity > 100 years. This gives a first-year growth of 0.39 
m, a value Pauly (2002) considered to be too large. The observed growth rate of young whale 
sharks in captivity was 0.81 m over 120 days (corresponding to 2.46 m annual growth) (Chang 
et al. 1997). We speculated and assumed that first-year growth in the wild was 0.80 
(approximately twice that of Pauly 2002 and one third the captive rate), yielding a von 
Bertalanffy rate constant k = 0.0637 year-1. Using a birth length (L0) of 0.58 m (Joung et al. 
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1996), maximum length (L∞) = 13.7 (Compagno 1984) and assuming that maturity is reached at 
8 m, this predicts age at maturity is approximately 13.0 years. Using a projected longevity of 
5loge2/k = 54 years (Ricker 1979), which in this case equates to an individual achieving 97 % of 
L∞, the duration of each stage is therefore 1 year for stage 1, 12 years for stage 2 (non-
reproductive) and 41 years for stage 3 (reproductive). Finally, we set first-year survival to 0.5 
based on the observed range of 0.38 – 0.65 for lemon sharks (Negaprion brevirostris; Gruber et 
al. 2001) and 0.37 – 0.82 for neonate black-tip sharks (Carcharhinus limbatus; Heupel & 
Simpfendorfer 2002). The paucity of juvenile survival data for almost all shark species prevents 
a more rigorous application of an evidence-based survival rate; however, we contend that 
given the balance of evidence, a first-year survival rate of 0.5 is a realistic mean for the 
heuristic purposes of inferring potential population trends. 
 
The following sections outline various combinations of parameters and model assumptions to 
investigate the potential population trajectory using information derived from the CMR 
survival estimates. Model scenarios consider increasingly complex combinations of parameters 
under a deterministic framework only. 
 
Model Scenario 1: In this scenario we constructed a simple deterministic model 
incorporating the mean survival estimate from the CMR models described above. Here, we 
maintained the first-year survival rate at 0.5 and applied the mean CMR survival rate to the 
remaining age classes regardless of reproductive status (non-reproductive or reproductive). 
We assumed a maximum invariant litter size of 300 (Joung et al. 1996) and two reproduction 
frequencies: annual and biennial. No density-dependent feedback mechanisms were 
implemented. Finally, this deterministic scenario considered both short (12 years) and long (24 
years) non-reproductive stage durations. 
 
Model Scenario 2: In this deterministic scenario we set the survival for the non-
reproductive ages (years 1 to 12) to the mean probability of survival derived from the linear 
prediction based on total length over the size classes found at the Ningaloo Reef aggregation 
(4 to < 8 m). The reproductive female ages (13+) survival rate was likewise estimated as the 
mean survival for the size classes considered to be reproductive at Ningaloo (8 to 10 m). All 
other parameters and assumptions were maintained as in Scenario 1. Both short and long non-
reproductive stage durations were examined. 
 
Model Scenario 3: This deterministic matrix included an incrementing survival up to the 
age of 13 years, after which time survival was held constant. Age-specific survival probabilities 
were calculated from combination of the total length, survival and von Bertalanffy growth 
relationships described above. Short and long non-reproductive stage durations were 
considered separately, as well as annual and biennial reproduction frequencies. 
 
Model Scenario 4: This matrix included incrementing survival up to the age of 25 years, 
with both non-reproductive stage durations considered separately and annual and biennial 
reproduction frequencies. 
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4.3.2.7  Elasticities of λ to changes in matrix parameters 

For each deterministic base matrix, we identified the most important demographic parameters 
influencing the rate of population change. This type of perturbation analysis is achieved by 
calculating the sensitivity of the dominant eigenvalue of a matrix to changes in its elements, 
where the sensitivity of matrix element aij is the local slope of λ as a function of aij (Caswell et 
al. 1999). Elasticities (proportional sensitivities) were calculated for each matrix entry (survival, 
fertility) and summed to provide total elasticities for non-reproductive (E(snr)) and 
reproductive female survival (E(sr)), and adult fecundity (E(m)). This process requires taking 
into account the discounted fertilities (because survival is included in the first-row matrix 
entries in a post-breeding design) and then normalizing the elasticities for non-reproductive 
females, reproductive females and fertility so that they sum to 1 (Mollet & Cailliet 2003b). We 

also calculated the mean age of reproducing females at the stable age distribution ( A ) for 
each matrix considered: 

vwA ,=  

where w = left eigenvector of the matrix (age structure) and v = right eigenvector 
(reproductive values) when w1 = v1 = 1 (Mollet & Cailliet 2003b). Elasticities can then be 

calculated from A  (Mollet & Cailliet 2003b): 
 

( ) ( )11 += AmE  

( ) ( ) ( )1+= AsE nr α  

( ) ( ) ( )1+−= AAsE r α  
 
In the case of biennial reproduction frequency, elasticities must be calculated differently 
because the projection interval does not agree with the reproductive cycle (Mollet & Cailliet 

2003b). Following the formulae in Appendix 1(b) of Mollet & Cailliet (2003b), A  is adjusted 

to 2A  (i.e., in 2-year units), α becomes ( ) 21+α . 
 
4.3.3  Results 

4.3.3.1  Survival and capture probabilities 

The base CJS analysis estimating apparent survival (φ) and capture probability (p) using data 
from 111 individual sharks demonstrated the saturated model (time-variant φ and p) fit the 
data reasonably well (probability of observing the model deviance as large = 0.464 based on 
1000 iterations). Therefore, no adjustment to the AIC scores for over-dispersion ( ĉ ) was 
required (White & Burnham 1999). The most parsimonious model had time-invariant φ and p 
(Table 4.6); however, there was some evidence for time variation in both parameters based 
on AIC weights (Table 4.6). The null model gave an apparent annual survival of 0.825 (SE = 
0.042; 95 % CI: 0.727 – 0.893; CV = 5.1 %) and capture probability of 0.184 (SE = 0.038; 95 % 
CI: 0.121 – 0.271; CV = 20.7 %). The model-averaged annual estimates of φ are shown in 
Table 4.7 (range: 0.737 – 0.890). 
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4.3.3.2  Sex differences in survival 

There were 100 individuals of known sex in the database (81 males, 19 females). The 
saturated model with a sex effect in survival and capture probability fit the data reasonably well 
(probability of observing the model deviance as large = 0.969 based on 1000 iterations). 
However, the top five models accounting for over 97 % of the AIC weight had only a time 
effect on survival and no sex effect, suggesting that there were no survival differences between 
the sexes. There was some support for a sex effect on capture probability )()( sexptφ  model 
with AIC weight = 21.4 %), but the model-averaged capture probability ranges for each sex 
overlapped (0.229 – 0.263 and 0.232 – 0.266 for males and females, respectively). As such, any 
possible sex bias in survival and recapture probabilities was ignored. 
 

Table 4.6. Model ranking of Cormack-Jolly-Seber mark-recapture models estimating apparent 
survival (φ) nd recapture probability (p) for whale sharks participating in the Ningaloo Reef (Western 
Australia) aggregation from 1992 to 2004. Shown are the delta Akaike’s Information Criteria (ΔAIC), 
the AIC weight (AICwt), the number of parameters and the deviance for each model. A ‘(.)’ denotes 
an invariant parameter, and ‘(t)’ denotes a time-variant parameter. 

Model ΔAIC AICwt Parameters Deviance 

φ(.) p(.) 0.00 0.588 2 53.459 
φ(t) p(.) 1.56 0.269 7 44.289 
φ(.) p(t) 3.07 0.126 7 45.800 
φ(t) p(t) 7.11 0.017 10 43.015 

 
 
 

Table 4.7. Time-variant model-averaged estimates of apparent survival (φ̂ ) derived using Cormack-
Jolly-Seber (CJS) mark-recapture models for whale sharks participating in the Ningaloo Reef 
(Western Australia) aggregation from 1992 to 2004. Also shown are the standard error (SE), 
unconditional SE and 95 % confidence interval for each model-averaged estimate. 

Interval φ̂  SE Uncond SE 95 % CI 

1992-1993 0.890 0.038 0.092 0.563 – 0.981 
1993-1994 0.890 0.038 0.092 0.563 – 0.981 
1994-1995 0.737 0.080 0.176 0.321 – 0.943 
1995-1996 0.863 0.124 0.139 0.386 – 0.984 
1996-2003 (annual) 0.842 0.056 0.064 0.676 – 0.931 
2003-2004 0.773 - - - 
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4.3.3.3  Size differences in survival 

There were size (total length) data for 75 individuals in the database (48 immature, 27 
mature). Mean total length was 7.2 m and ranged from 4.4 to 9.7 m. In the size-class analysis, 
the saturated model fit the data reasonably well, although there was moderate evidence for a 
lack of fit to the data (probability of observing the model deviance as large = 0.052 based on 
1000 iterations). The top 4 models (accounting for over 93 % of the AIC weight) had only a 
time effect on survival, suggesting no support for size (categorical) differences in survival. 
 
The analysis using standardized total length as a covariate in the models demonstrated 
however, that there was a size bias in survival probability. The top four models all included a 
length and time effect on φ and accounted for over 92 % of the AIC weight. The most 
parsimonious model (AIC weight = 38 %) indicated a common intercept and time-variant 
slopes for the length effect on survival, but the second model had identical weight (38 %) and 
indicated both intercept and slopes were time-variant. Many of the parameters in the time-
variant models were not estimable, so we chose to express the simpler relationship between 
length and φ by ignoring the time effect. The linear model derived was: 
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where TL is the estimated length of a whale shark, TL  is the mean total length of all sharks in 
the sample (7.2 m) and TLσ̂  is the standard deviation of total length from the sample (1.4 m). 
Thus, ignoring the effects of time, a 5 m shark has a predicted survival probability of 0.59 and a 
9 m shark has predicted survival probability of 0.81. 
 

4.3.3.4  Population models 

The results of the Leslie matrix projection models are presented in Table 4.8 (age at first 
reproduction, α, = 13 years) and Table 4.9 (α = 25 years). Of the 16 model combinations 
considered, 10 (63 %) indicated a decreasing population (λ < 1). For models based on α = 13, 

the mean age of reproducing females at the stable age distribution ( A ) ranged from 15 to 23 
years (Table 4.8), which increased to 29 to 37 years when α was increased 25 (Table 4.9). In 
all model combinations considered, the stable age distribution indicated a minority of 
reproductive females, but the dominance of first-year sharks or non-reproductive females 
varied according to particular combinations of vital rates and model assumptions. However, 
when survival rate was allowed to vary with age (length), the number of first-year sharks 
dominated the stable age distribution. All scenarios had higher total elasticities for non-
reproductive female survival (E(snr)) compared to that for reproductive female survival (E(sr)) 
(Tables 4.8 and 4.9). E(m) was inferior to E(snr) and E(sr) in all cases. 



Population monitoring protocols for whale sharks 

 71 

Table 4.8. Matrix parameters calculated for each Model Scenario considered when age at first reproduction (α) = 13, for both annual and biennial reproduction frequencies. 
Shown are the dominant eigenvalue of the deterministic matrix (λ), the stable stage distribution (SSD) for first-year (0 to 1 year), juvenile (1 to 12 years) and adult (13 to 54 
years) sharks, respectively, the mean age of reproducing females at the stable stage distribution ( A ), the combined elasticities for non-reproductive (E(snr)) and 
reproductive (E(sr)) survival, the ratio of elasticities for reproductive to non-reproductive survival (E(sr)/ E(snr)) and the elasticity for fertility (E(m)). 

Scenario Description λ SSD A  E(snr) E(sr) E(sr)/ 
E(snr) 

E(m) 

Annual reproduction         

Scenario 1 constant survival 1.2658 0.47, 0.53, 0.005 14.87 0.8191 0.1179 0.1440 0.0630 
Scenario 2 average length-based survival 1.0438 0.45, 0.54, 0.004 16.53 0.7412 0.2013 0.2713 0.0571 
Scenario 3 length-based survival to age 13 0.9500 0.60, 0.40, 0.005 17.12 0.7173 0.2275 0.3171 0.0552 
Scenario 4 length-based survival to age 25 0.9751 0.61, 0.39, 0.005 20.61 0.6015 0.3522 0.5855 0.0463 
         
Biennial reproduction         

Scenario 1 constant survival 1.2229 0.44, 0.55, 0.007 14.67 0.7798 0.1002 0.1285 0.1200 
Scenario 2 average length-based survival 1.0078 0.43, 0.57, 0.006 16.73 0.6940 0.1992 0.2870 0.1068 
Scenario 3 length-based survival to age 13 0.9177 0.58, 0.42, 0.008 17.52 0.6658 0.2317 0.3480 0.1024 
Scenario 4 length-based survival to age 25 0.9470 0.59, 0.40, 0.008 22.38 0.5332 0.3848 0.7218 0.0820 
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Table 4.9. Matrix parameters calculated for each Model Scenario considered when age at first reproduction (α) = 25, for both annual and biennial reproduction frequencies. 
Shown are the dominant eigenvalue of the deterministic matrix (λ), the stable stage distribution (SSD) for first-year (0 to 1 year), juvenile (1 to 24 years) and adult (25 to 54 
years) sharks, respectively, the mean age of reproducing females at the stable stage distribution ( A ), the combined elasticities for non-reproductive (E(snr)) and 
reproductive (E(sr)) survival, the ratio of elasticities for reproductive to non-reproductive survival (E(sr)/ E(snr)) and the elasticity for fertility (E(m)). 

Scenario Description λ SSD A  E(snr) E(sr) E(snr)/ 
E(sr) 

E(m) 

Annual reproduction         

Scenario 1 constant survival 1.0508 0.31, 0.69, 0.003 28.63 0.8436 0.1223 0.1453 0.0337 
Scenario 2 average length-based survival 0.9432 0.38, 0.62, 0.003 30.91 0.7836 0.1851 0.2362 0.0313 
Scenario 3 length-based survival to age 13 0.8715 0.54, 0.44, 0.004 31.56 0.7679 0.2014 0.2623 0.0307 
Scenario 4 length-based survival to age 25 0.9352 0.58, 0.41, 0.004 35.45 0.6859 0.2867 0.4180 0.0274 
         
Biennial reproduction         

Scenario 1 constant survival 1.0295 0.29, 0.71, 0.004 28.55 0.8183 0.1162 0.1420 0.0655 
Scenario 2 average length-based survival 0.9244 0.36, 0.63, 0.005 31.20 0.7531 0.1867 0.2479 0.0602 
Scenario 3 length-based survival to age 13 0.8542 0.53, 0.47, 0.007 31.95 0.7364 0.2047 0.2780 0.0589 
Scenario 4 length-based survival to age 25 0.9178 0.57, 0.42, 0.008 36.23 0.6540 0.2937 0.4491 0.0523 
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4.3.4  Discussion 

The paucity of data describing the variation in vital rates in species of conservation concern is 
a common problem for ecological modellers (Boyce 1992, Morris & Doak 2002). Indeed, 
obtaining estimates of vital rates and their corresponding variances may be difficult or 
impossible for many species, especially for long-lived marine vertebrates (Caughley 1994, 
Heppell et al. 2000). As such, generalizations for predicting population persistence derived 
from few data or based on allometric or species-specific ecological characteristics are often 
sought (Beissinger & Westphal 1998, Belovsky et al. 2004, Brook et al. 2006). Although 
heuristically useful (Brook et al. 2002), matrix population models lacking quantitatively derived 
vital rates are subject to many assumptions that are difficult to test or validate. In the case of 
the relatively poorly studied whale shark, we have provided the first estimates of survival rates 
based on mark-recapture data. These estimates, combined within a series of deterministic 
Leslie matrix models have permitted the first quantitative appraisal of the projected long-term 
trends of this vulnerable population. 
 
Although caution must be exercised in interpreting our population matrices (see below), the 
variants of the age-classified Leslie matrix models using different estimates of non-
reproductive female and reproductive female survival and stage duration demonstrate the 
importance of considering biologically plausible covariates in survival analyses, especially for 
long-lived and slow-growing species. For example, ignoring the important effect of total length 
(size) on estimates of survival led to the conclusion of population increase (i.e., λ > 1) 
regardless of changes to age at first reproduction and frequency of reproduction. However, 
when we used the more parsimonious information-theoretic model predictions of length-
varying survival, the importance of stage duration became much more apparent. With the 
shorter stage duration and age-specific survival estimates, most scenarios predicted a declining 
population (λ < 1), and doubling the interval between reproductive events resulted in an 
increased rate of decline. 
 
Many elasmobranchs have a reproductive cycle of two years (Cortés 2002), and a few species 
breed more infrequently, every three years (Mollet et al. 2000, Cortés 2002). Although the 
reproduction interval of whale sharks is currently unknown, the precautionary principle for 
fisheries management (Caddy & Mahon 1995) suggests that assuming annual reproduction 
would be inappropriate for whale sharks. Reducing the breeding frequency further to once 
every three years, the estimates of λ under the most realistic Scenario 4 (length-based survival 
to age 25) are further depressed to 0.9325 (age at first breeding = 13) and 0.9077 (age at first 
breeding = 25). Despite the severe lack of demographic data for this species (especially with 
respect to its reproductive capacity), the models that incorporated the most biologically 
realistic parameter estimates and assumptions support the conclusion of a declining population 
visiting Ningaloo Reef each year. However, this conclusion depends on some as yet untested 
assumptions. The duration of the non-reproductive stage and lifespan of the species are 
important determinants in the projections using length-varying estimates of survival. Of these 
two parameters, perhaps it is more tractable to collect information on growth rates that 
would verify the onset of reproduction. 
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The super-population of whale sharks participating in the Ningaloo Reef aggregation has been 
estimated at 300 – 500 individuals of which approximately 16 % were identified as female (74 
% male and 10 % indeterminate gender) (Meekan et al. 2006). It should also be noted that 
pups and yearlings have never been observed at Ningaloo Reef, so pup production is likely to 
occur elsewhere. It is unknown whether the female component of the Ningaloo aggregation 
represents a small proportion of females that normally participate in a larger, sexually 
segregated female population that has yet to be identified. If there is an important sexual 
segregation of whale sharks as has been documented for other elasmobranch species (Springer 
1967, Klimley 1987, Sims et al. 2001, Sims 2006), then the small number of females observed 
at Ningaloo might not necessarily comprise the majority of the reproductively active females 
contributing new individuals to the aggregation. The embryo and juvenile sex ratio of many 
shark species does not depart from unity (Joung & Chen 1995, Chen et al. 1997b, Liu et al. 
1999, Smale & Goosen 1999, Joung et al. 2005, Hazin et al. 2006), and Beckley et al. (1997) 
reported an equal sex ratio for stranded, immature whale sharks in South Africa. As such, we 
expect the low percentage (16 %) of females at Ningaloo to be the result of sexual 
segregation, perhaps with many females within the super-population instead spending their 
time farther north in Southeast Asian waters (Theberge & Dearden 2006), around the Indian 
coastline (Satyanarayana Rao 1986), or even in the vicinity of the Galápagos Islands (Stewart & 
Wilson 2005). 
 
Our analyses also revealed some important aspects of the contribution of length- (and age-) 
specific survival rates to population rates of change. Elasticities from a mean matrix cannot by 
themselves accurately predict how λ fluctuates with variation in vital rates because of non-
equality of change in these parameters, non-linearities in their relationships to λ, and 
differences in the coefficients of variation among matrix elements (Mills et al. 1999, Stewart & 
Wilson 2005). Additionally, the reported elasticities were derived from deterministic matrices, 
which can be poor predictors of stochastic elasticities when the environment is extremely 
variable or includes catastrophic mortality events (Benton & Grant 1996). Although it has 
been shown previously that whale shark numbers at Ningaloo Reef fluctuate in response to 
environmental events such as El Niño-Southern Oscillation (ENSO; Wilson et al. 2001a), we 
deliberately avoided using stochastic projections given the uncertainty associated with mean 
values of reproductive output, reproduction frequency and age at first reproduction. 
 
With these caveats in mind, we found that the highest elasticities were for immature (i.e., non-
reproductive) survival rates. This result agrees with re-assessments of elasticities for most 
elasmobranch species (Mollet & Cailliet 2002, 2003b). Even though others have suggested that 
elasmobranch population rates of change are more sensitive to adult (reproductive) survival 
(Colman 1997, Smith et al. 1998, Walker 1998, Frisk et al. 2001, Cortés 2002), the elasticities 
for many stage-classified models are calculated inappropriately (see Mollet & Cailliet 2003b). 
When calculated correctly (and more easily) using age-classified Leslie matrix models, we 
found that immature female survival was a far more important determinant of the potential 
population rate of change for whale sharks; therefore, estimating this parameter precisely 
should be a prime area of research. 
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The limitation of producing robust estimates of the reproductive potential of whale sharks is 
problematic and may ultimately prevent the construction of reliable population viability 
analyses. There have only been nine ‘juveniles’ (0.55 – 0.93 total length) recorded for whale 
sharks (Colman 1997), some of which have been found in the stomach of other oceanic 
predators (blue shark, Prionace glauca and blue marlin, Makaira mazara) (Kukuyev 1996, 
Colman 1997). Neither have there ever been reports of individuals between 0.93 and 3.00 m 
total length, suggesting that there are either extremely high predation rates on small 
individuals, or that reproduction occurs in the open ocean and is so dispersed that the 
probability of detecting young individuals is too low to quantify precisely. Another potential 
limitation is the likely density-related changes in vital rates used to parameterize the models, 
especially considering the pervasiveness of density dependence in nature (Brook & Bradshaw 
2006). We deliberately avoided constructing hypothetical density-dependent relationships in 
our simple scenarios given the complete lack of associated data, but we acknowledge that 
persistence predictions and parameter elasticities are likely to vary with the inclusion of 
density dependence (Grant & Benton 2000, Drake 2005). However, future work on this 
aggregation and other whale shark populations should attempt to assess the degree to which 
vital rates are modified by density fluctuations. This may be achieved perhaps initially by 
examining the evidence for density dependence in phenomenological time series of relative 
abundance (e.g., sightings-per-unit-effort data; Brook & Bradshaw 2006). 
 
Our analyses beg the questions – (1) what is the state of the Ningaloo Reef whale shark 
population and (2) can our analyses shed light on its persistence probability? Recent evidence 
from Ningaloo suggests that the population is comprised of a larger proportion of juveniles 
compared to previous decades (Meekan et al. 2006). However, severe declines have not been 
reported, so we believe that the real population trajectory lies somewhere between the 
extremes of our predictions. Additionally, an aggregation of juvenile whale sharks in nearby 
Thailand has recently declined by 96 % (sightings per unit effort from 1992 to 2001) (Theberge & 
Dearden 2006). These observations, in combination with our results, lend credence to the 
hypothesis that the regional (Australasian) population of whale sharks is declining. As such, our 
results have several conservation implications for this and other large oceanic shark species. The 
wide dispersal range and sensitivity of population growth rates to minor variation in survival 
makes this species particularly vulnerable to anthropogenic sources of mortality (customary and 
commercial fishing). Non-reproductive whale sharks aggregating at Ningaloo travel long distances 
(1000s km) to Southeast Asian waters (Wilson et al. 2006) where they are potentially susceptible 
to fishing pressure (Eckert et al. 2002; Polovina et al. unpubl. data). The low population size (300 
– 500 individuals; Meekan et al. 2006), the possibility of limited mixing (Wilson et al. 2006; 
Polovina et al. unpubl. data), and the high elasticity of λ to non-reproductive female survival rates 
demonstrate the need for concerted conservation efforts to span national boundaries (Wilson et 
al. 2006). 
 
The collection of mark-recapture databases for whale sharks has provided the first 
quantitative foundation for testing hypotheses regarding population persistence in one of the 
largest known aggregations of this species. Continued development of this database will be 
important for adjusting the predictions of matrix-based models, and will also provide a 
template for other large, oceanic marine vertebrates for which few demographic data exist. 
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Our combination of standard CJS mark-recapture estimates of apparent survival and age-
classified Leslie matrix models allowed us to assess the biological reality of the demographic 
rate estimates for whale sharks. In so doing, our study has highlighted the demographic 
processes that conservation practitioners should aim to maximize to increase the persistence 
probability of this, and other large elasmobranch species. 
 
 
 

4.4  SCARRING PATTERNS AND RELATIVE MORTALITY RATES OF 
INDIAN OCEAN WHALE SHARKS 

4.4.1  Introduction 

Declines in populations of whale sharks (Rhincodon typus) have been observed and predicted in 
many regions (CITES 2002, IUCN 2005, Theberge & Dearden 2006, Bradshaw et al. 2007, 
Bradshaw et al. In press). This species, the world’s largest fish and one of the most wide-
ranging marine vertebrates (Wilson et al. 2006, Bradshaw et al. 2007, Castro et al. 2007), is 
known to be susceptible to a variety of mortality sources including direct harvest, ecosystem 
modification and collisions with ocean-going vessels (Bradshaw et al. 2007) that may be the 
cause of these declines. The prospect of losing such a large and iconic species is of both 
conservation and economic concern. For example, the disappearance of the species could 
precipitate annual losses in the order of US$47.5 million generated from whale shark tourism 
globally (Graham 2004). 
 
Although potential sources of population decline have been recognised for many years 
(Colman 1997), their relative importance remains largely unquantified. The large size (> 12 m 
total length), slow swimming speeds (between 1 and 3 km·h-1) (Gunn et al. 1999, Eckert & 
Stewart 2001, Eckert et al. 2002, Hsu et al. 2007) and tendency to spend a large proportion of 
their time at the surface (Wilson et al. 2006) renders this species particularly vulnerable to 
ramming by vessels (Gudger 1940), artisanal and commercial fishing (Colman 1997) and 
predation by large sharks and some cetaceans (Fitzpatrick et al. 2006). Additionally, these 
animals make annual long-distance migrations through international and national waters 
(Wilson et al. 2006). This means that whale sharks may experience protection by legislation 
and management in some areas, while being exploited in other parts of their range (Bradshaw 
et al. In press), a problem common to other wide ranging marine species such as North 
Atlantic right whales (Eubalaena glacialis) (Ward-Geiger et al. 2005). Thus, identifying mortality 
sources and areas where these pose a risk to whale sharks are important steps in formulating 
global initiatives for conservation. 
 
Legal and illegal fishing of whale sharks is often suggested to be a central driver of population 
declines (Chen & Phipps 2002, CITES 2002, Bradshaw et al. 2007). This mortality is relatively 
easy to quantify because animals are brought to shore by fishermen and sold in markets. 
However, other factors such as predation and boat strike may be equally important, but are 
far more difficult to estimate reliably because they are thought to occur principally in the open 
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ocean. Despite the lack of direct observation, where whale sharks survive predatory attacks 
or collisions with ships, some evidence of these events may be left in the form of scars or 
injuries on the body. Analysis of scarring patterns may thus provide an insight into the relative 
importance and source of mortality afflicting whale sharks, as is the case for other large 
marine species such as manta rays, manatees, whales, dolphins and seals (e.g., Kraus 1990, 
Hiruki et al. 1993, Angliss & DeMaster 1997, Heithaus 2001b, Laist et al. 2001, Naessig & 
Lanyon 2004, Rommel et al. 2007). 
 
Each whale shark has a unique pattern of spots and stripes (Meekan et al. 2006) that can be 
used to identify individuals (Speed et al. 2007). Photographic databases are now used 
worldwide in mark-recapture studies to document population trends and estimate 
demographic rates (Fujiwara & Caswell 2001, Stevick et al. 2001, Bradshaw et al. 2003, 
Meekan et al. 2006, Speed et al. 2007). A combination of information on rates and source of 
scarring in conjunction with mark-recapture data may provide a means to quantify relative 
mortality rates among whale shark populations experiencing different direct and indirect 
human impacts. Similar analyses of the survival implications of scarring and injuries have been 
made in other taxa (e.g., Iberian lynx Lynx pardinus, North Atlantic right whale Eubalaena 
glacialis, Hawaiian monk seals Monachus schauinslandi – Kraus 1990, Garcia-Perea 2000); 
however, no study to date has combined photo-identification with scarring to test the 
hypothesis that scarring is indicative of higher mortality rates. 
 
This study documents the severity, positioning and likely causes of scars observed on whale 
sharks participating in three Indian Ocean aggregations: 1) Ningaloo Reef, western Australia, 
2) Mahe, Seychelles and 3) southern Mozambique. Using capture-mark-recapture (CMR) 
models and quantified scarring patterns, relative apparent survival rates were estimated 
between two of the study sites (Ningaloo and Seychelles) and compared to shipping traffic 
rates to estimate the potential high risk boat-strike areas for this species. 
 
 
4.4.2  Materials and methods 

4.4.2.1  Scarring databases and image matching 

Scarring image libraries were constructed from larger whale shark photo-identification 
databases for Ningaloo Reef, western Australia (22º 50’ S, 113º 40’ E), Maher, Seychelles 
(4º6’ S, 55º 26’ E) and southern Mozambique (23° 52’ S, 35° 33’ E). (Fig. 4.12). The Ningaloo 
scarring library consisted of images of individuals with scars taken over 10 capture sessions 
(years) between 1992 and 2006 (not including 1997-2000 and 2002). The Seychelles library 
consisted of images taken over 6 capture sessions between 2001 and 2006 and also included 
scarring information obtained from a tagging database. The Mozambique scarring library 
consisted of images taken during one capture session over the 2004/2005 season. 
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Images were matched using the software I3S (Van Tienhoven et al. 2007b) and visual 
confirmation following guidelines for use on whale sharks outlined in Speed et al. (2007). 
Where images did not lend themselves to the fingerprinting process required for I3S, images 
were matched manually by an experienced photo-archivalist (Meekan et al. 2006) using not 
only the pattern of natural pigmentation, but also other individually unique identifiers such as 
scars and tags. 
 
 

 
Figure 4.12. Indian Ocean whale shark aggregation sites – Ningaloo Reef (Western Australia), Seychelles 
and Mozambique. 
 
 

4.4.2.2  Scarring categories 

Seven scarring categories were created based on images present in the libraries for each 
region: (1) abrasions, (2) lacerations, (3) nicks, (4) bites, (5) blunt trauma, (6) amputations and 
(7) ‘other’ (Appendix 1). Each image was assigned to one or more of the seven categories by 
visual inspection. The severity of scarring was classified into two groups: ‘major’ or ‘minor’. 
Major scars were considered to be potentially life-threatening and included complete or near-
complete amputation of the first dorsal, pectoral or caudal fins, lacerations penetrating the 
sub-dermal layer, blunt trauma around the head or gills and large shark bites (> 30 cm in 
length) (Fig. 4.13A - C). Minor scars were considered to be superficial and included abrasions, 
partial amputations, small bites, nicks, and ‘other’ (Fig. 4.13D - F). 
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Figure 4.13. Classification of scar severity. Images A – C show examples of ‘major’ scarring;  
A ) (Photo© G. Taylor) A large bite taken out of the left pectoral fin, B) (Photo© A. Richards) Blunt trauma to 
the left side of head and C ) (Photo© A. Richards) Bites taken out of dorsal fin and left flank.  
Images D – F (Photos© G. Taylor) show examples of ‘minor’ scarring; D) Abrasion on the right flank,  
E ) Small nick taken out of the trailing edge of the dorsal fin and F) Nicks and small bites taken out  
of the first and second dorsal fins and caudal fin. 
 

4.4.2.3  Database comparisons 

The frequency of individuals with scars per capture session was initially calculated for each 
database and then combined to give total numbers of scarred individuals per aggregation. Due 
to differing numbers of sample periods among databases, estimates were standardised for 
cross-database comparisons by dividing the number of scarred individuals by the total number 
of individuals photographed for each aggregation. The total number of sharks scarred per 
database was also recalculated with the scarring categories ‘nicks’ and ‘abrasion’ omitted for 
two reasons: (1) the scar categories are unlikely to affect survival rates given that they are by 
definition superficial wounds, and (2) minor scars were often not photographed on individuals 
at Ningaloo Reef. The proportion of individuals with differing scar types were calculated for 
each aggregation (with minor scars omitted). A randomised multinomial contingency analysis 
(10000 iterations) was constructed to test the hypothesis that the distribution of animals in 
each scar category differed among aggregations. Scar categories were combined into three 
main classes to avoid low-frequency classes dominating results: bites, blunt trauma, and 
lacerations/amputation (ignoring other categories). Scar positions on the body of each shark 
were also recorded to compare among aggregations and to determine the most commonly 
scarred areas of the body. 
 

4.4.2.4  Effects of scarring on apparent survival 

Capture histories consisting of inter-season resights from Ningaloo and Seychelles were 
initially constructed using matches identified by I3S as well as tags deployed in Seychelles. The 
capture history for the Mozambique aggregation was unable to be included because there 
were too few sample sessions. To avoid double-counting, individuals with only the left side 
photographed were removed from the Ningaloo capture history (because there were fewer 
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left-side photographs than right-side), while individuals with only the right side photographed 
were removed from the Seychelles capture history (fewer right-side photographs there) 
(Meekan et al. 2006). Capture histories included (1) whether the individual was scarred or not 
(three categories: major, minor and none), (2) the putative source of scarring (anthropogenic, 
bite, unknown, none) and (3) the body position of the scar (fin, body or none). Cormack-Jolly-
Seber (CJS) CMR models were used and executed in the program MARK (White & Burnham 
1999) to model apparent survival of (φ) and resighting probability (p) (Bradshaw et al. 2007). 
The major focus of this analysis was to assess whether the apparent survival rate for whale 
sharks with scars differed from whale sharks without scars. 
 
The initial analysis examined whether there was evidence for time variance in φ or p over the 
study period (1992-2006) at Ningaloo, which was analogous to the approach adopted by 
Bradshaw et al. (2007), although the current analysis included two additional capture sessions 
(2005 & 2006). This process was then repeated for the Seychelles aggregation. The second 
analysis included scarring as an additional group effect on φ or p. Scar type and severity were 
examined to assess whether they influenced φ or p. Models were compared using Akaike’s 
Information Criterion corrected for small sample sizes (AICc) (Burnham & Anderson 2002) 
and goodness-of-fit was estimated using the bootstrap GOF function in program MARK 
(White & Burnham 1999). 
 

4.4.2.5  Shipping activity around aggregations 

Due to limited availability of spatial shipping data for the east coast of Africa, shipping density 
was unable to be modelled around the three whale shark aggregations. Consequently, the 
number of commercial ships (i.e., container ships and bulk carriers) calling in at the largest and 
nearest port to each aggregation was obtained through associated port authorities as a proxy 
for shipping intensity. Where available, statistics on smaller vessel traffic were also noted. 
Ship-calling data were obtained for the fiscal year from 01 July 2005 through to 30 June 2006 
from Port Hedland (Australia), Port Victoria (Seychelles) and Port Maputo (Mozambique) 
authorities. 
 
4.4.3  Results 

The Seychelles aggregation had the highest percentage of scarred individuals (67 %, 534 of 
797), followed by Mozambique (37.2 %, 67 of 180) and Ningaloo (27 %, 84 of 311). After the 
removal of minor scars (nicks and abrasions), the total percentages of scarred individuals per 
aggregation dropped to 45.3 % (361 of 797) for Seychelles, 22.7 % (41 of 180) for 
Mozambique, and 20 % (62 of 311) for Ningaloo Reef. 
 
Nicks were the most abundant scar category in all aggregations (Table 4.10). After the removal 
of these minor scars (nicks and abrasions), bites were the most common scars (Table 4.10; Fig. 
4.14). 
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Table 4.10. Percentage of individuals within scar type and body location category among three 
Indian Ocean aggregations observed. 

 Aggregation 
 Ningaloo Seychelles Mozambique 
Scar Type (%) 
abrasions 21.4 14.6 40.3 
lacerations 8.3 34.5 7.5 

nicks 11.9 48.6 14.9 
bites 44.0 21.4 14.9 
blunt trauma 8.3 5.1 7.5 
amputations 15.5 21.4 26.9 
other 2.4 4.4 10.4 
Scar Location (%) 
head 9.5 11.6 30 
dorsal fin 30.0 38.5 20.9 
caudal fin 25.0 62.2 31.3 
pectoral fin 22.6 14.4 22.4 
flank 25.0 25.2 34.3 

 
 

 
Figure 4.14. Percentage occurrence of individuals within scar categories by location. 
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The randomised contingency analysis demonstrated that the probability of generating the same 
among-site differences in the distribution of individuals within the three major scar categories 
(bites, blunt trauma, lacerations/amputations) was = 0.0007 (based on 10000 iterations). 
Observed and expected frequencies were similar for Seychelles and Mozambique animals, but 
Ningaloo had more bites and fewer amputations/lacerations than expected (Fig. 4.15). Caudal fins 
were the most commonly scarred body part (Fig. 4.16A) at all locations (Fig. 4.16B). 
 

 
Figure 4.15. Observed and expected numbers of sharks in each scarring category among 
aggregation sites. *b = bites, bt = blunt trauma and la = lacerations and amputations. 
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Figure 4.16. A) Position of scars on body by aggregation site B) Position of scars on body by aggregation 
site (nicks and abrasions omitted). 
 
 
The saturated Cormack-Jolly-Seber capture-mark-recapture model φ (t*s) p(t*s) relating time 
(t) and scarring (s) to apparent survival (φ) and resight probability (p) for the 221 individual 
sharks seen at Ningaloo fit the data reasonably well (probability of observing the model 
deviance as large = 0.134 based on 1000 iterations). Therefore, no adjustment to AICc was 
made for over-dispersion (White & Burnham 1999). Most parameters were inestimable using 
the t*s interaction for φ and p, so these group factors were considered separately in all 
subsequent model comparisons. The most highly ranked model (wAICc = 0.84) had scar effects 
on apparent survival and time-variant resighting probability φ (s) p (t) (Table 4.11); however, 
confidence intervals for scarred and not-scarred individuals overlapped substantially (Table 
4.11). 
 
There was no over-dispersion detected for the Seychelles dataset, and the most highly ranked 
model (wAICc = 0.99) demonstrated time variance in φ and p (Table 4.11). However, many of 
the interval estimates of φ were inestimable, so the second-most highly ranked model was 
used to test for scarring effects. Again, there was considerable overlap in the confidence 
intervals between scarred and non-scarred individuals (Table 4.12), suggesting little evidence 
for an effect on apparent survival. Apparent survival rates were considerably lower in the 
Seychelles (~ 0.50) compared to Ningaloo Reef (~ 0.90). 
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Table 4.11. Five most highly ranked Cormack-Jolly-Seber models testing the effects of scarring 
(s) and time (t) on apparent survival (φ) and resight probability (p) of whale sharks participating in 
the Ningaloo Reef aggregation between 1992 and 2006, and at Seychelles between 2001 and 
2006. Shown are the difference in Akaike’s Information Criterion corrected for small sample sizes 
between the current and top-ranked model (ΔAICc), AICc weight (wAICc), the number of model 
parameters (k), and model deviance. ‘(.)’ indicates a constant parameter. 

Model ΔAICc wAICc k Deviance 

Ningaloo Reef     

φ(s)p(t) 0.000 0.842  10 133.021 

φ(.)p(t) 3.381 0.155  10 136.402 

φ(.)p(.) 58.406 0.000  2 208.329 

φ(t)p(.) 58.114 0.000  10 191.135 

φ(t)p(t) 12.535 0.000  17 129.777 

     
Seychelles     

φ(t)p(t) 0.000 0.999  8 31.894 

φ(s)p(t) 25.201 0.000  7 61.233 

φ(.)p(t) 23.491 0.000  6 61.580 

φ(.)p(.) 57.842 0.000  2 104.074 

φ(t)p(.) 28.918 0.000  6 67.006 

 
 

Table 4.12. Apparent survival estimates for whale sharks with and without scarring at Ningaloo Reef 
and Seychelles based on Cormack-Jolly-Seber mark-recapture models. 

Model  φ SE 
Lower 

95 % CI 

Upper 

95 % CI 

Ningaloo Reef      

φ(s)p(t) Not Scarred 

Scarred 

0.858 

0.929 

0.033 

0.033 

0.781 

0.830 

0.911 

0.972 

Seychelles      

φ(s)p(t) Not Scarred 

Scarred 

0.502 

0.538 

0.060 

0.070 

0.386 

0.402 

0.618 

0.669 

φ = apparent survival, s = scarred or not, p = sighting probability, t = time. 
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The number of commercial ships that called in to Port Hedland during the fiscal year of 
2005/2006 was 925 (excluding fishing vessels). The intended destinations after departure for 
the majority of these ships were Asia. The number of commercial vessels calling in to Port 
Victoria during the same period was 510; however, there was also a notably high number of 
fishing vessels (628), both purse-seine and long-line, whose next destination was the high seas. 
For commercial vessels, the next port of call was largely South East African and Indian Ocean 
island ports or European or Asian ports. The number of commercial ships that docked at Port 
Maputo during this period was 674, with the final destination of most of these vessels also 
being Asia. 

 
4.4.4  Discussion 

The prevalence and origin of large scars on whale sharks leads to the hypothesis that activities 
other than direct over-exploitation from fishing may also contribute to observed and 
modelled population declines of whale sharks in the Indian Ocean. Of the 1288 individuals 
identified in this study, 36 % bore prominent scars (i.e., excluding nicks and abrasions). Bite 
marks were the most common form of major scar (27 % of scarred individuals) followed by 
lacerations/amputations (19 %) and blunt trauma (7 %). Bite scars were probably the result of 
attacks by large predators such as sharks and killer whales. Non-lethal attacks by a large 
(> 4 m) predatory shark on a whale shark have been recorded at Ningaloo Reef (Fitzpatrick et 
al. 2006) and a fatal attack on an 8-m whale shark by killer whales (Orcinus orca) was observed 
in the Gulf of California (O'Sullivan & Mitchell 2000). None of the bite scars found on whale 
sharks in this study could be unambiguously attributed to killer whales, as virtually all were 
healed wounds that lacked the distinctive teeth rake marks that are definitive of attacks by 
these predators (Naessig & Lanyon 2004). 
 
Many whale sharks bore the evidence of collisions with boats and this phenomenon was 
probably responsible for the majority of lacerations, amputations and blunt trauma injuries. 
The parallel rows of deep lacerations found on the backs of many sharks were clear evidence 
of strikes by ship propellers (Rommel et al. 2007), while the large blunt trauma injuries on the 
head and flanks of sharks were probably mostly due to ramming by ship bows (Laist et al. 
2001). In the case of amputations, some of these injuries may have also have been due to 
predatory attacks, albeit most could be distinguished from ship strike by the circular edge of 
the wound (see Fig. 4.13A). 
 
Ramming of whale sharks by ocean-going vessels was well-recognised as a threat to whale 
sharks in the early years of the 20th century (Gudger 1940), but such deaths of sharks are 
rarely recorded today. Due to relatively thin sub-dermal fat layers, whale shark carcasses may 
sink quickly in comparison to whales (Ward-Geiger et al. 2005) so that most mortalities due 
to collisions probably go unnoticed (Stevens 2007). However, boat collisions are likely still to 
reduce the survival probability of whale sharks, particularly since shipping traffic along coasts 
and in the open oceans has more than tripled since the 1940s (Lloyd's Register of Shipping 
1939-2005), and today’s cargo vessels are larger and travel at much greater speeds. Mortalities 
due to shipping have been recorded in recent times; for example, a whale shark was struck 
and killed by a large vessel off the coast of the Seychelles in 2000 (Fig. 4.16). Other possible 
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evidence of ship strikes comes from Pop-up Archival Tag (PSAT; Wilson et al. 2006) 
deployments on whale sharks at Ningaloo Reef. These tags are designed to release and float to 
the surface once an animal remains at a constant depth and temperature for more than two 
days. During one deployment, a 4-m whale shark travelling at the surface along the Northwest 
Shelf, one of Australia’s busiest shipping routes, suddenly descended to 900 m and remained 
there for 12 hours (Wilson et al. 2006). Given diving records of other animals and the water 
temperature at that depth (2°C) this behaviour may represent mortality due to a ship strike, 
although other causes (e.g., predatory attacks) cannot be excluded. 
 
The proportion of sharks bearing predator bite scars and those with laceration/amputation 
and blunt trauma scars were similar (27 versus 26% of individuals, respectively). However, this 
does not necessarily mean that they translated into a similar number of deaths. Lacerations 
and blunt trauma scars generally appeared more severe than bite scars because the former 
covered larger areas of the body and in the case of lacerations, propellers often left multiple 
scars on the same animal. Furthermore, bite scars tended to be most common on the fins, and 
evidence from Ningaloo suggests that animals can recover from even total fin amputation by 
bites (Fitzpatrick et al. 2006). Thus, ship collisions may be responsible for greater mortalities 
of whale sharks, even if rates of scarring from this source are similar to bites. 
 
Although minor scars (nicks and abrasions) are unlikely to alter individual survival probability, 
they may act as warning signs of other threats. Three of the Mozambique sharks possessed 
abrasions similar to those described from net-entangled cetaceans (Angliss & DeMaster 1997). 
Tuna purse-seine fisheries in the western Indian Ocean catch small numbers of whale sharks 
(Romanov 1998), while gill-net fisheries also occasionally catch whale sharks (Stevens 2007). 
Five Mozambique sharks had minor abrasions or lacerations characteristic of small boat 
propeller strikes (Rommel et al. 2007). Similar scars have been noted at other aggregation 
sites (Graham & Roberts 2007, Rowat et al. 2007) and in some cases, were possibly caused by 
vessels used to view sharks (Rowat et al. 2007). 'Go-slow' areas within aggregation sites, 
already used for some other slow-moving marine species (Laist & Shaw 2006) and regulated 
through the whale shark code of conduct in Western Australia, may reduce the probability 
and severity of ship strikes. 
 
The caudal fin was the area most commonly scarred. This is not surprising, given that these 
animals spend most of their lives in < 100 m of water and much time swimming at the surface 
(Wilson et al. 2006). For this reason, the caudal fin will be the body part most likely to be 
struck by a boat. The caudal fin may also be an attractive target for predators because it may 
be easier to grip with teeth and sever in contrast to the body trunk (Long & Jones 1996). 
 
Whale sharks at Ningaloo Reef had more bites (44 % of individuals) and fewer lacerations and 
blunt trauma scars than those at either the Seychelles or Mozambique. Although this suggests 
that there may be higher rates of predation at Ningaloo and lower numbers of boat strikes, it 
needs to be recognised that these animals are highly migratory (Eckert & Stewart 2001, Eckert 
et al. 2002, Rowat & Gore 2006, Wilson et al. 2006) and that the healed scars observed at the 
study sites may have been accrued in distant parts of their range. Despite the incongruence of 
shipping activity and relative scarring rates among sites (e.g., there were more commercial 
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vessels near Ningaloo despite a lower incidence of ship-related injuries), there is some 
evidence that small boat traffic at Ningaloo may be lower than at either the Seychelles or 
Mozambique. Ningaloo Reef is largely protected by an expansive marine park in a remote area 
of Western Australia, whereas the coastal areas around Mozambique and Seychelles are 
heavily populated and have a strong fishing presence. Furthermore, tiger sharks (Galeocerdo 
cuvier) and other large species of requiem (Carcharhinidae) sharks (Fitzpatrick et al. 2006) are 
regularly sighted by spotter planes during the peak whale shark season at Ningaloo Reef, and 
are also temporarily abundant in other areas immediately to the south such as Shark Bay 
(Heithaus 2001a). In contrast, large, predatory sharks are rarely spotted during aerial surveys 
during whale shark season in the Seychelles (D. Rowat, unpubl. data). 
 
The hypothesis that observed rates of scarring were indicative of relative mortality rates at 
two widely separated aggregations on opposite sides of the Indian Ocean experiencing 
different intensities of shipping traffic was not supported. The lack of a scarring effect on 
apparent survival may indicate that individuals surviving ship strike and predator attack are no 
more susceptible to premature mortality than their unscathed counterparts, but the relative 
contribution of different shipping rates to explain regional variance in survival patterns still 
cannot be ruled out. Despite the observation there appears to be fewer commercial vessels 
around whale shark aggregation sites in the western Indian Ocean (Seychelles and 
Mozambique), large fishing vessels may still pose threats to whale sharks in this region. Whale 
shark mortalities related to ship-strikes from commercial and fishing vessel may contribute to 
the lower apparent survival rates observed in the Seychelles; however, better and longer-term 
mark-recapture data are required to confirm this. Indeed, even individuals with major scarring 
returned repeatedly to their aggregation sites, indicating that scarring itself is unlikely to alter 
survival or migration patterns. Whether scars are naturally or anthropogenically derived, 
whale sharks appear to be resistant to the hypothetical negative effects of injuries on survival, 
but may still demonstrate reductions in maturation time or reproductive ability (Hiruki et al. 
1993). 
 
It must also be assumed that estimates of apparent survival between the Ningaloo and 
Seychelles aggregations are comparable based on equal probabilities of permanent emigration. 
Capture histories analysed in the Cormack-Jolly-Seber framework provide estimates of 
apparent survival that are confounded with permanent emigration (White & Burnham 1999), 
so a higher proportion of transients in one population will bias apparent survival estimates 
downward. Nonetheless, the large difference in apparent survival between Ningaloo and 
Seychelles is suggestive of true differences in survival rates and requires longer-term data to 
verify this adequately. 
 
This analysis of three Indian Ocean whale shark populations based on photo-identification 
provided little evidence that major or minor scarring affects survival rates, despite the 
prevalence of injuries and scarring among the individuals examined. However, the magnitude 
of shipping-related deaths remains unquantified and may only be revealed with dedicated large-
ship surveys near known aggregation sites. Due to their apparent resilience to scarring, it is 
true that whale sharks may not fear shark, man or ship; however, current trends in population 
status suggest they are not as impervious to these threats as previously thought. 
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5.  SATELLITE TAGGING 

5.1  OVERVIEW 

Satellite tagging of whale sharks has aimed to determine not only the migratory pathways of 
whale sharks, but to also understand the mechanisms by which these long distance voyages 
take place. As animals were tagged with different types of tags (Splash and PSAT) that use 
different techniques to produce estimates of geo-location, an essential first step in the study 
was to validate location estimates. To assess the accuracy of raw and refined estimates of 
locations from PSATs, we attached two PSAT and one Argos satellite-linked transmitter (SAT 
tag) to one whale shark at Ningaloo Reef. The root mean square error (RMSE) in raw 
estimates of location provided by the PSATs was 5.16o latitude and 2.00 o longitude. Estimates 
were more accurate after processing the data with a Kalman filter (RMSE = 2.97 o latitude and 
0.78 o longitude) and most accurate after processing with a Kalman filter model that integrates 
SST measurements (RMSE = 1.84 o latitude and 0.78 o longitude). We also assessed the 
precision of the PSAT-derived locations, and depth and temperature measurements by 
comparing the data from the two PSATs. Our findings support the use of archival tag data to 
reconstruct the large-scale movements of marine animals and demonstrate the significant 
improvements that may result from two refinement techniques. 
 
Long distance migrations of sharks from Ningaloo were recorded by Splash tags in 2005, 2006 
and 2007. In 2005, one animal was tracked from Ningaloo to the Indian Ocean in the vicinity 
of the longitude of Sri Lanka. A second animal travelled from Ningaloo to the Indonesian 
Archipelago and spent some weeks in Indonesian coastal waters. A third animal travelled from 
Ningaloo along the edge of the continental shelf to Indonesian islands to the east of Timor.  
These tracks show that the Ningaloo population of sharks is part of a wider Indian Ocean 
stock that is likely to encompass much of the south eastern Indian Ocean and the waters of 
South East Asia. We combined these data sets with tracks from earlier tagging work using 
Splash tags to investigate how migratory patterns of whale sharks were influenced by 
geostrophic surface currents. This was done by utilizing a passive diffusion model 
parameterised with observed whale shark starting positions and weekly maps of surface 
current velocity and direction (derived from altimetry). Map outputs from the passive diffusion 
model and maps of Chlorophyll-a concentration (SeaWiFs/MODIS) for corresponding weeks 
were compared to actual whale shark tracks with the use of GIS and generalised linear mixed-
effects models (GLMM). The GLMM indicated very little support for passive diffusion by 
currents as a factor influencing whale shark distributions in the north eastern Indian ocean 
with Chlorophyll-a having only a very weak influence in their distributions. The seven whale 
sharks included in this analysis had average swimming speeds comparable with those recorded 
in other satellite tracking studies of whale sharks. Swimming speeds were up to 3 times 
greater than the maximum surface current velocities that whale sharks encountered during 
their migration into lower southerly latitudes (towards the equator). Our results indicate that 
whale sharks departing from Ningaloo are likely to use active locomotion in their migration, 
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rather than surface currents to passively drift, particularly given that they probably spend the 
majority of their time in the upper surface water / mixed layers. Active swimming locomotion 
is likely to have high metabolic costs for whale sharks. 
 
Splash tags also record and transmit information about diving behaviour by whale sharks. This 
allowed us to investigate how whale shark dive patterns during long distance migrations were 
linked with ocean temperatures and dissolved oxygen levels by overlaying 3-dimensional 
satellite tracks of tagged sharks (Splash tags) with oceanographic data (NOAA-World Ocean 
Atlas 2005). Frequency distribution histograms of temperature and dissolved oxygen were 
compared throughout the Indian Ocean region (within which all the whale sharks were 
observed) and within the specific waters occupied by each whale shark during their dives. 
Results reveal that while the majority of the ocean temperatures and dissolved oxygen levels 
within the region are low, whale sharks appear to selectively dive within water bodies of 
warm temperatures (24.01 < 30°C) and high levels of dissolved oxygen (4 < 5 ml/l-1) for the 
majority of dives (usually >60%). This pattern of habitat selection may relate to physiological 
limitations of large aquatic poikilotherns and energetic conservation mechanisms. 
 
Ongoing work includes analysis of Splash tag tracks from tags deployed in 2006 and 2007. In 
two instances, Splash tags were recovered from beaches at Ningaloo after they had detached 
from the animal. This allowed the detailed (every 2 sec) records held in the archive of the tag 
to be downloaded (while attached the tags only transmit summary information to satellites). 
These are now being compared with oceanographic data collected by Acoustic Doppler 
Current Profilers and water temperature loggers deployed by AIMS at Ningaloo. Also 
currently in preparation is a summary of the records of migration tracks and diving behaviour 
obtained from the 43 PSAT deployments on sharks from 2002-2007. A PhD student will 
commence a detailed analysis of the dive records from these tags in April 2008. 
 
 

5.2  PSAT TAG VALIDATION 

5.2.1  Introduction 

Measurements of ambient light levels and derived estimates of time of civil twilight (i.e. sunrise 
and sunset) and local apparent noon have been used by humans to navigate for several 
centuries (e.g. Bowditch 1802, Stanford 1927, Nautical Almanac Office 1989). Hunter et al. 
(1986) first proposed that archived measurements of light levels could be used to provide 
location estimates of marine animals at sea. DeLong et al. (1992) and Stewart and DeLong 
(1995) subsequently developed and tested archival tags that used light level data to document 
the movements of northern elephant seals (Mirounga angustirostris). The technique has since 
been used to study the movements of a variety of marine vertebrates, including tunas (e.g. 
Gunn et al. 1994), billfishes (e.g. Gunn et al. 2003), sharks (e.g. West & Stevens 2001), mola 
(Seitz et al. 2002), eels (Jellyman & Tsukamoto 2002), penguins (e.g. Wilson et al. 1995) and 
albatrosses (e.g. Tuck et al. 1999). Several tag configurations exist, including pop-up satellite 
archival tags (PSATs) that jettison on pre-programmed dates and transmit their stored 
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information to earth-orbiting, Argos satellites. In addition to light levels, the tags can also 
measure, store and transmit other data like water depth and temperature and so provide 
valuable insights into the vertical movements of marine animals and the physical oceanographic 
properties that influence them. PSATs offer several advantages over traditional satellite tags 
(SAT tags) that use Argos or Global Positioning Satellite systems to determine location. 
Though SAT tags provide very accurate location estimates, they have limited use on species 
that remain submerged for long periods because the tag’s antenna must breach the sea surface 
for a signal to reach an orbiting satellite. Moreover, the large size (owing to large power 4 
supplies) of those tags and resulting drag can interfere with long term retention of the tag by 
the animal. Raw estimates of locations are derived from archived light levels using 
astronomical algorithms provided by tag manufacturers. However, these raw estimates are 
often very inaccurate. Sources of error include equinoxes, light attenuation, water turbidity, 
weather, resolution of the light sensor, clock error and diving behavior of the fish (Musyl et al. 
2001). Estimates of latitude using ambient light levels are generally less accurate than estimates 
of longitude because variation in estimates of civil twilight (and consequently day length) has 
greater influence on determination of latitude than does variation in estimates of local 
apparent noon on determination of longitude. Moreover, estimates of latitude from ambient 
light measurements have extreme variation and uncertainty near the vernal and autumnal 
equinoxes when daylength is similar at all latitudes. Researchers have used several techniques 
to improve the accuracy of these raw estimates, including (1) filtering outliers (e.g. Schaefer & 
Fuller 2002), (2) using smoothing procedures like moving averages (e.g. Matsumoto et al. 
2005), (3) processing raw estimates of location using state-space movement models like the 
Kalman filter (Sibert & Nielsen 2003) or the particle filter (Royer et al. 2005), and (4) matching 
sea surface temperatures (SST) from tags with remotely sensed SSTs (e.g. Delong et al. 1992). 
Despite the widespread use of light-based archival tags, there have been few studies to 
determine the accuracy of their raw or refined estimates of location. We addressed this 
important issue by attaching two PSATs and one SAT tag to a free-ranging whale shark 
(Rhincodon typus) to validate the accuracy and precision of the data from the PSATs and to 
quantify improvements in estimates of locations from processing with Kalman filter 5 and SST 
models. Because these data were collected in the most challenging conditions (i.e. at low 
latitudes on a species that may dive deeply and spend little time at the sea surface), we think 
that these results have general relevance to studies conducted under more favorable 
conditions. 
 
5.2.2  Methods 

5.2.2.1  Tagging 

We attached two PSATs (model PTT-100, Microwave Telemetry, Inc., Columbia, Maryland, 
USA) and one SAT tag (model SPLASH, Wildlife Computers, Inc., Redmond, Washington, 
USA) to a whale shark at Ningaloo Reef, Western Australia, in 2005 (Table 5.1). The PSATs 
were deployed using methods described by Wilson et al. (2006) and both were attached to 
the shark just below its first dorsal fin (PSAT 1 on the right side, PSAT 2 on the left side). The 
PSATs recorded measurements of ambient light levels, depth and temperature every 15 min 
and then later transmitted those archived data to Argos satellites after they detached and 
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reached the sea surface. The SAT tag, embedded in a buoyant, hydrodynamic housing, was 
attached to the leading edge of the first dorsal fin of the whale shark using a Ramset HD200 
powder actuated fastening tool (Ramset Fasteners, Mooroolbark, Victoria, Australia). This 
‘pistol’ fires a pin that joins the two ends of a U-shaped collar positioned at the base of the 
anterior side of the fin. A 1-m nylon-coated stainless-steel tether connected the tag to the 
collar. Geographic locations of the shark were determined by Doppler-shift calculations made 
by the Argos Data Collection and Location Service whenever a passing satellite received two 
or more signals from a tag. 
 

5.2.2.2  Data processing 

We processed the PSAT data on three levels: (1) Raw estimates of location were computed 
from recovered light level data by Microwave Telementry, Inc. (Columbia, Maryland, USA) 
using a proprietary algorithm derived from standard celestial algorithms (Bowditch 1802, 
Nautical Almanac Office 1989); (2) The raw estimates were further processed using a state-
space Kalman filter model (KF) to estimate movement parameters and provide a most 
probable trackline for each shark (Sibert & Fournier 2001, Sibert & Nielsen 2003); 
(3) Alternatively, the raw estimates were processed using a Kalman filter model (KFSST) that 
integrates SST measurements (Nielsen & Sibert 2005, Nielsen et al. 2006). Mean daily tag SSTs 
were calculated from those temperature records where depth = 0. Level 3 MODIS Aqua 
(night) 8 d composite SST data (resolution = 4 km) were used for reference. Prior to KFSST 
processing, the SST fields were smoothed by local polynomial regression (Loader 1999) using 
a nearest neighbor fraction of 5%. KF and KF-SST processing were both run in the R statistical 
environment (R Core Development Team 2004). The investigator that conducted the PSAT 
data processing was blinded to the SAT tag locations. We calculated mean daily Argos 
locations from the SAT tags using all locations with location class (LC) > 1 (i.e. accuracy < 1 
km). We assumed that these were the true locations of the shark. 
 

5.2.2.3  Accuracy and precision 

Accuracy is a measure of reliability and defined as the closeness of a measured or computed 
value to its true value (Sokal & Rohlf 1981). We compared estimates of 7 locations derived 
from light level and SST data from PSATs with mean Argos locations (LC > 1) from SAT tags 
for the corresponding day to estimate accuracy of the PSAT locations. We used several 
statistics to characterize the accuracy of locations estimated from each level of processing of 
the PSAT data. The mean absolute error (MAE) and the root mean square error (RMSE) both 
indicate the magnitude of the average error. The MAE is always < the RMSE, though the two 
statistics are usually of similar magnitude. The RMSE gives more weight to large errors than 
small ones and provides a measure of error variance (i.e. high error variance would be 
indicated by a RMSE that is >> the MAE). We also present the error range and mean error 
(ME) for the estimates of latitude and longitude. Because positive errors cancel negative ones, 
the ME is not a good measure of accuracy. It does show, however, the magnitude and 
direction of bias in the error (positive = north or east, negative = south or west) owing to 
faulty measuring instruments or procedures (Walther & Moore 2005). We did not compare 
the depth and temperature data from the PSATs with those from the SAT tag because (1) the 
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PSAT and SAT tag datasets were in different formats (raw data vs. summary histograms), and 
(2) the SAT tag measurements are not true. Because the geographic coordinate system is not 
isometric (i.e. the length of 1° of longitude varies with latitude), we also calculated the mean 
great-circle error (MGCE) between estimated locations of PSATs computed at each level of 
data processing and corresponding true (Argos) locations. Great-circle distances are the 
shortest distances between any two points on the surface of a sphere (Zar 1989). Precision is 
a measure of repeatability and defined as the closeness of multiple measurements of the same 
quantity (Sokal & Rohlf 1981). We determined precision by 8 comparing replicate estimates of 
location (computed from each level of data processing), depth and temperature recorded by 
the PSATs. To facilitate comparisons with the statistics on accuracy, we calculated the MAE, 
RMSE, error range, and ME. 
 
5.2.3  Results 

The PSATs detached at the same time 50 d after they were attached (Table 5.1). 
 
This premature detachment occurred because the shark descended below a fail-safe depth 
threshold (1200 m) which triggered the release (P. Howey, Microwave Telemetry, Inc., pers. 
comm.). The SAT tag remained attached and continued transmitting for another 97 d. 
 

Table 5.1. Accuracy of location estimates resulting from 3 levels of data processing 
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5.2.3.1  Locations from light levels 

The PSATs provided 39 (PSAT 1) and 32 (PSAT 2) daily estimates of location during the 50 d 
they were attached. Incomplete transmission of depth and temperature data reduced the 
number of daily locations computed by KF-SST processing to 37 and 23. The SAT tag 
provided 3.41 + 2.43 locations d-1 (mean + SD, LC > 1) during the 50 d that the PSATs were 
attached. Overall, the estimates of locations derived from light level data were the least 
accurate (latitude: RMSE = 5.16°; longitude: RMSE = 2.00°; Table 5.1, Fig. 5.1a). 
 
The estimates from the KF model were closer to the locations from the SAT tag (latitude: 
RMSE = 2.97°; longitude: RMSE = 0.78°; Table 5.2, Fig. 5.1b). The estimated locations 
computed by the KF-SST model were the most accurate (latitude: RMSE = 1.84°; longitude: 
RMSE = 0.78°; Table 5.2, Fig. 5.1c). The computed locations of the PSATs were consistently 
biased to the southeast of the true location of the shark. 9 In great-circle distances, overall 
mean errors (MGCE + SD) were 484 + 247 km for raw estimates of locations, 317 + 124 km 
for KF computed estimates, and 213 + 54 km for KF-SST computed estimates (Table 5.2). 
Errors in estimates from KF processing were significantly less than those of raw estimates 
(paired t-test: t70 = 3.97, P = 0.00017) and errors from KF-SST processing were significantly 
less than those either raw estimates (paired t-test: t59 = 5.63, P = 0.000001) or KF processed 
estimates (paired t-test: t59 = 5.39, P = 0.000001). 
 
Precision, as measured by comparing the location estimates of the PSATs, was not clearly 
improved by processing the raw estimates further (Table 5.3). 
 
Raw estimates of location were the least precise for latitude (RMSE = 1.16°) and most precise 
for longitude (RMSE = 0.27°). KF processing resulted in more precise estimates of latitude 
(RMSE = 0.76°) and less precise estimates of longitude (RMSE = 0.34°) and KF-SST processing 
resulted in the most precise estimates of latitude (RMSE = 0.60°) and the least precise 
estimates of longitude (RMSE = 0.43°). 
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Figure 5.1. Sat tag track vs location estimates from PSATs 1 and 2 
derived from 3 levels of data processing (a) raw light level (b) Kalman 
filtered (c) Kalman filtered with SST integration. 
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Table 5.2. Accuracy of location estimates resulting from 3 levels of data processing 

 
 
 
 

Table 5.3. Precision of location estimates resulting from 3 levels of PSAT data processing and depth and 
temperature data from PSATs 1 and 2 
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5.2.3.2  Depth and temperature 

We matched the dates and times of 1634 depth records and 1320 temperature records from 
the archived PSAT data (Table 5.3, Fig. 5.2a,b). Of the 1634 replicate depth records, 1174 
(71.8%) were identical. The precision of the depth records, as quantified by the RMSE of 
repeat measures, was 7.72 m. Of the 1320 replicate temperature records, 850 (64.4%) were 
the same and the RMSE was 0.26°C. 
 

 
Figure 5.2. Scatterplots of replicate measurements of: (a) depth (n=1634 
pairs); and (b) temperature (n=1320 pairs) from PSATs 1 and 2. Line is 
provided for reference only. 
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5.2.4  Discussion 

5.2.4.1  Locations from light levels 

Our primary objective was to evaluate the accuracy and precision of estimates of locations 
from PSATs derived from three levels of data processing. The raw estimates of location from 
the PSATs were not very accurate (latitude: RMSE = 5.16°; longitude: RMSE = 2.00°), though 
they were relatively precise (latitude: RMSE = 1.16°; longitude: RMSE = 0.27°). Indeed, despite 
significant differences between locations of the PSATs and the SAT, the distances between 
matched locations of the PSATs were consistently small (Fig 5.1a). We think this means that 
factors external to the tags, such as vertical behavior or data processing, were the principal 
sources of location error. Application of the state-space KF model greatly improved the 
accuracy of estimates of locations of the PSATs (latitude: RMSE = 2.97°; longitude: RMSE = 
0.78°). The KF model has been applied in a variety of studies including analyses of fish 
movements (e.g. Sibert et al. 2003, Wilson et al. 2005, Wilson et al. 2006). We found 
additional improvements in the accuracy of estimates of PSAT locations using a KF-SST model 
that matched tag SST records with remotely sensed SSTs (latitude: RMSE = 1.84°; longitude: 
RMSE = 0.78°). Several studies have similarly used tag SST data to refine estimates of locations 
from archived, light level data (e.g. Delong et al. 1992, Stewart & DeLong 1995, Block et al. 
2001, Inagake et al. 2001, Beck et al. 2002, Teo et al. 2004, Domeier et al. 2005, Nielsen et al. 
2006). The raw estimates of location that we present here are less accurate that those we 
reported in a previous study of whale sharks in the same area (Wilson et al. 2006; RMSE = 
1.44°; longitude: RMSE = 0.68°). In that study, we compared raw estimates of locations from 
PSATs just before the tags detached with the locations of those tags 11 determined by Argos 
just after detachment. Teo et al. (2004) noted, however, that errors determined from last on-
fish estimates of location can be very low. A few studies have attempted to assess location 
error in PSATs. Gunn et al., (1994) compared raw estimates of locations from archival tags 
attached to southern bluefin tuna (Thunnus maccoyii) being towed in a sea cage to known 
locations of the cage. They reported mean absolute errors of 1.52° latitude and 0.54° 
longitude. However, that experiment was in early January, when errors in latitude are lowest, 
and the cage restricted the vertical movement of the fish. That eliminated two major sources 
of error: variation around the equinoxes and deep diving behaviour. In other studies, archival 
tags were attached to moving vessels and fixed moorings and the estimated locations were 
then compared with known locations of the vessels and moorings (Welch & Eveson 1999, 
Musyl et al. 2001). Reported errors ranged from 1-4° latitude and 0-1° longitude. Until now, 
only one study has compared estimates of PSAT locations with locations from SATs in free-
ranging fishes (Teo et al. 2004). Those researchers double-tagged salmon sharks (Lamna 
ditropis) and blue sharks (Prionace glauca) in the temperate Pacific Ocean. They analyzed the 
accuracy of raw (smoothed) estimates of latitude and longitude and SST-refined estimates of 
latitude. The RMSE of raw estimates of latitude was 9.87° for salmon sharks and 4.00° for blue 
sharks whereas the RMSE of raw estimates of longitude was 0.89° for salmon sharks and 0.55° 
for blue sharks. SST refined estimates of latitude had an RMSE of 1.47° for salmon sharks and 
1.16° for blue sharks. Some of the improved accuracy in the raw estimates of location may be 
due to the smoothing procedures used on the light-based location estimates (i.e. the removal 
of 12 outliers through the use of an iterative forward and backward averaging filter; 
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McConnell et al. 1992). Furthermore, temperate waters typically have stronger gradients in 
SST than tropical waters and thus are more conducive areas for refining estimates of locations 
with SST. That benefit may be moderated, however, by greater water turbidity in temperate 
regions. Stewart and DeLong (1995) double-tagged a northern elephant seal with a SAT tag 
and an archival light level tag and found that estimates of location differed, on average, by 67 + 
31 km. Beck et al. (2002) double-tagged free-ranging gray seals (Halichoerus grypus) in the 
North Atlantic Ocean and found MGCEs (+ SE) of 1026 + 292 km in raw estimates of 
locations from light level data and 94 + 8 km in estimates adjusted by SST. Two recent studies 
compared estimates of location from light-based archival tags with locations from SAT tags in 
free-ranging albatrosses (Thalassarche melanophrys, Phoebastria immutabilis and P. nigripes). 
Phillips et al. (2004) reported an MGCE (+ SD) of 186 + 114 km in raw estimates of location 
and Shaffer et al. (2005) reported errors of 400 + 298 km in raw estimates of location and 202 
+ 171 km in estimates in latitude from SST refinement. The consistent southerly bias in error 
in latitude might be due to the features of the proprietary algorithm used to calculate the raw 
estimates of location. If the estimates of civil twilight were consistently incorrect, it might 
account for this bias. An easterly bias in the error in longitude might be due to a slow clock. 
Adjustments correcting for such systematic error can be made in cases where the amount of 
clock error is known (e.g. when the archival tag is recovered after deployment; Musyl et al. 
2001). 
 

5.2.4.2  Depth and temperature 

The PSATs that we used transmitted depth and temperature data at a resolution of 5.38 m 
and 0.18°C, respectively. The precision of the depth and temperature measurements (RMSE = 
7.72 m and 0.26°C, respectively) slightly exceeded those values. Though the replicate depth 
and temperature data had identical dates and times, they were not necessarily recorded 
simultaneously. The PSAT manufacturer advised us that these readings should have been made 
within 144 s of each other. Therefore, some of the observed differences between the depth 
and temperature records of the PSATs might be explained by vertical movements of the shark 
that occurred during that time. We conclude that using ambient light levels as the basis for 
estimating the locations of free-ranging marine animals can be a relatively robust method if the 
raw estimates of location are processed further to improve their accuracy. The errors 
associated with these processed estimates will likely vary, however, among species, tags, and 
regions (Teo et al. 2004). Because fishes do not need to surface to breathe, we predict that 
errors in estimates of their locations will be greater than those of air-breathing marine 
vertebrates because of the ability to more accurately estimate civil twilight for the latter. 
Consequently, we recommend continued efforts to calibrate and validate these methods as 
central components of future studies. We expect that SST refinement of estimates of location 
from light level based instruments will be most effective in areas with strong SST gradients. 
The satellite SST product selected for reference in KF-SST processing might also have a 
significant impact on the accuracy of the resulting estimates of location. For example, we used 
a night SST product because the study area consisted of tropical waters that are prone to 
solar heating during the day. Satellites sense only emissive radiation from the top few 
micrometers of the sea surface (the skin SST). At 14 night, the skin SST is more indicative of 
the top few meters of the water column (the bulk SST).
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5.3  SAT TAG TRACKS AND GEOSTROPHIC CURRENTS 

5.3.1  Introduction 

It has been hypothesized that migratory marine species assist their navigation by using 
geophysical directional clues such as the Earth’s magnetic field or thermoreception of large 
water temperature gradients associated with fronts and eddies (Montgomery & Walker 2001, 
Sims 2003). For example, the basking shark (Cetorhinus maximus Gunnerus) is another filter-
feeding migratory shark that exhibits selective foraging behaviour by swimming 100s to 1000s 
of km to productive continental-shelf edge habitats and remaining within temporally discrete 
productivity ‘hotspots’ associated with frontal features (Sims 2003). Likewise, the broad-scale 
migration of various marine turtle species is affected by oceanographic processes; for example, 
olive ridley (Lepidochelys olivacea) and leatherback (Dermochelys coriacea) turtles use major 
surface currents and eddies to assist migration to feeding areas (Polovina et al. 2000, Luschi et 
al. 2003, Sims 2003, Polovina et al. 2004). 
 
Whale sharks (Rhincodon typus Smith) are the world’s largest fish and are broadly distributed 
throughout the world’s tropical oceans. These migratory animals occur seasonally in a few 
regions throughout the world, although our understanding of the drivers of these annual 
migrations is rudimentary. This is largely because tracking studies have generally been able to 
provide data describing only short-term movements given limitations in satellite technology 
and tag attachments (Gunn et al. 1999, Eckert & Stewart 2001, Eckert et al. 2002, Graham et 
al. 2006, Rowat & Gore 2006, Wilson et al. 2006, Hsu et al. 2007). In a few exceptional cases, 
tags attachments have persisted for several months, allowing the tracking of broader-scale 
movements across entire ocean basins (1000s of kilometres) (Eckert & Stewart 2001, Eckert 
et al. 2002). These studies demonstrate that whale sharks travel on average around 1.0 km·h-1 
(Eckert & Stewart 2001, Eckert et al. 2002). 
 
While whale sharks aggregate seasonally in richly productive areas (Taylor 1996, Clark & 
Nelson 1997, Gunn et al. 1999, Eckert & Stewart 2001, Heyman et al. 2001, Duffy 2002, 
Wilson et al. 2006), it is unknown how they navigate to and from these areas and whether 
they use active locomotion or they are assisted via passive drifting in currents. Here we 
examine how whale shark movements are influenced by surface geostrophic currents at 
weekly time scales to and from one of the most well-known and studied of the larger whale 
shark aggregations at Ningaloo Reef in north-western Australia. Using satellite tracking data 
from seven whale sharks tagged off Ningaloo Reef in 2002 and 2005, we test the hypothesis 
that movement patterns mimic satellite-derived geostrophic currents determined via an agent-
based passive diffusion model. Specifically, we examine (i) whether whale shark movements 
agree with the those produced from the passive diffusion model to determine the role of 
currents in assisting migration, and (ii) whether whale sharks residency patterns can also be 
explained in part by local productivity measures (i.e., remotely assessed chlorophyll-a 
concentration). 
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5.3.2  Methods 

5.3.2.1  Tagging 

Splash Tags (Wildlife Computers, Redmond, USA) were attached to the dorsal fin of a 7-m 
(total length) female whale shark on the 22 April 2002, a 7-m male on 28 June 2002, and five 
individuals (2 female, 1 male, and 2 of undetermined sex) ranging in total length from 4.2 to 
7.5-m from the 1st to 6th May 2005 off Point Cloates, Ningaloo Reef (113° 36’ E, 22° 42’ S) in 
Western Australia (Fig. 5.3). 
 
Whale sharks were initially spotted from the air by the pilot of a single-engine, high-wing 
aircraft who relayed their relative positions to an awaiting vessel below via UHF radio (see 
also Wilson et al. 2006). A snorkeller attached the tag to the whale shark using a handheld, 
pressure-driven applicator (RAMSET) that secured the tether by a stainless steel pin and 
plastic saddle. Application techniques were developed at CSIRO Marine and Atmospheric 
Research in accordance with methods to minimize tag loss and in adherence to strict animal 
ethics regulations. Tags consisted of a small buoyant torpedo-shaped housing that was 
attached to the shark's dorsal fin via a one-metre tether. When a tagged shark surfaced, the 
tag within the housing transmitted location and archived histogram diving (depth, 
temperature) information every 45 seconds to Argos satellites. 
 

 
Figure 5.3. Distribution of whale shark tracks throughout the Indian Ocean and bathymetry. 

 
 



Population monitoring protocols for whale sharks 

 102 

Location data were filtered to remove invalid locations or location classes errors > 1000 m 
(i.e., we retained classes 1, 2 and 3). The filter threshold was deemed appropriate to include 
locations that were well within the scale (at least 5 times smaller) (O'Neill et al. 1996) of the 
minimum resolution of corresponding environmental data (see below). Point location data 
were checked for anomalous locations to determine when the tags separated from whale 
sharks and became surface drifters. Locations were divided into weekly intervals that 
corresponded with environmental data of similar periods and time-frames. Point data were 
imported into ArcGIS v9.1 (ESRI, Redlands, USA) and interpolated (assuming linear movement 
between points) into track lines where points were used as vertices. The average accuracy of 
interpolated locations from Argos tagged marine animals have been found to be unaffected by 
various interpolation methods and were always within the precision of the tracking technique 
used Tremblay et al. 2006b. For each shark we calculated length of track (km) between 
weekly points, the time (hours) of travel between points, and the travel speed (km/hr), and 
joined these data to a vector grid (with cell sizes of 0.1 degree [latitude/longitude] or ~36 km, 
equal to geostrophic current data) using the Hawths Tools ArcGIS extension. By summing the 
time spent within each vector grid cell we created an observed probability density time series 
grid for each whale shark. 
 

5.3.2.2  Environmental data 

Geostrophic surface currents are generated by differences in horizontal pressure gradients 
associated with sea surface topography and the Coriolis force. To estimate weekly surface 
geostrophic currents for locations corresponding to the whale shark tracks, we obtained 
altimetry data (www.aviso.oceanobs.com) with a spatial resolution of 0.1 degrees (latitude/l 
ongitude). Using a raster calculator in ArcGIS, we multiplied mean sea level anomalies by their 
formal mapping errors (variance in sensor signal) to estimate minimum and maximum mean 
sea level height per grid cell. These limits were added to a mean dynamic topography grid 
based on an improved geoid model (Rio & Hernandez 2004). The resulting absolute dynamic 
topography maps were reprojected into a mercator equal-area projection and east-west 
(dz/dx) and north-south (dz/dy) gradients were calculated using a filter in ArcView 3.2 (ESRI). 
Gradient maps were exported in geographic coordinates to calculate the geostrophic current 
components of U and V (Polovina et al. 1999) and these were decomposed into compass 
direction (degrees True North) and velocity (cm/s-1) (Fig. 5.4). 
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Figure 5.4. Example of geostrophic current map for the mid Austral winter period (June 2005). 

 
 
Maps of chlorophyll-a concentration were used as an index of surface water productivity 
around whale shark tracks. Weekly chlorophyll-a maps with 9-km spatial resolution were 
derived from Sea-viewing Wide Field-of-view Sensor (SeaWiFS) level 3 (version 5.1) Global 
Area Coverages (GAC). SeaDAS 4.8 ocean colour software (developed by the US National 
Aeronautics and Space Administration - NASA), was used to georeference and subset 
chlorophyll-a imagery for the entire region within which whale sharks tracks occurred (Fig. 
5.5). 
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Figures 5.5 a-f. Actual cumulative tracks of individual whale sharks (left) compared with probability distribution maps based on modelled passive diffusion by 
geostrophic currents (right). The modelled maps are parameterised with weekly starting points of whale sharks. 
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Figures 5.5 a-f. Actual cumulative tracks of individual whale sharks (left) compared with probability distribution maps based on modelled passive diffusion by 
geostrophic currents (right). The modelled maps are parameterised with weekly starting points of whale sharks. 
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Figures 5.5 a-f. Actual cumulative tracks of individual whale sharks (left) compared with probability distribution maps based on modelled passive diffusion by 
geostrophic currents (right). The modelled maps are parameterised with weekly starting points of whale sharks. 
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5.3.2.3  Passive diffusion model 

We developed an agent-based, passive current diffusion model using the R Package (R Core 
Development Team 2004). The model was based on weekly minimum and maximum 
geostrophic current velocity and direction maps and a land-mask map as inputs. Starting x and 
y coordinates were based on the start locations of the measured whale shark tracks as the 
inputs for each weekly model scenario. We filtered some of the starting locations to remove 
weekly tracks that remained outside of the region within which geostrophic currents could be 
evaluated (i.e., these areas were typically within ~36 km from the coast). 
 
The model simulated movement of an agent through a grid-based environment where each 
daily time step (within a weekly interval) was evaluated on the basis of the grid cell length 
(distance) according to the velocity and direction values of geostrophic currents in 
neighbouring cells and whether the cells were could be occupied or not (based on the land 
mask). Geostrophic map data were reprojected into an Albers equidistant conic projection 
prior to input to ensure that simulated agent movements into adjacent cells were standardised 
in both the east-west and north-south directions. The model was coded as a stochastic 
process where variation of geostrophic current estimates (associated with formal mapping 
errors) was incorporated as 100 iterations of daily steps for each weekly interval and 
randomly sampling velocity and direction values within their error ranges (coefficient of 
variation for velocity and direction set at 0.25). A cumulative cell occupancy output map was 
generated following 100 iterations to generate a passive agent surface occupancy probability 
density. We then extracted surface current probability values and average chlorophyll-a 
concentrations at cell locations that corresponded to the observed probability distributions of 
sharks using GridSampler (CSIRO Sustainable Ecosystems, Canberra, Australia). 
 

5.3.2.4  Analysis 

To test for a correlation between current speed and direction and the productivity surrogate 
on shark movement patterns, we constructed a set of five generalized linear mixed-effects 
models (GLMM) that incorporated these terms. We first assessed the amount of temporal 
autocorrelation between weekly values of the observed probability of occupying a grid cell. 
We applied the acf function in the R Package (R Core Development Team 2004) to each of 
the observed cell probability time series for each shark. All acf lag probabilities fell within the 
95 % confidence interval for the uncorrelated series for each shark except one – Shark 14 
demonstrated a possible temporal autocorrelation at a lag of two weeks (data not shown). 
However, the lack of any strong evidence for important lags in these time series suggests that 
the assumption of independence was not violated. 
 
We transformed the observed and passive-movement predicted probabilities accordingly using 
the complementary log-log transformation, and chlorophyll-a values with a log10 
transformation to normalise non-Gaussian distributions. Passive-movement predicted 
probabilities were somewhat problematic given the large number of zero values; however, 
subsequent verification of the quantile-quantile plots indicated only minor departure from 
normality. We therefore constructed five a priori GLMM with the term individual coded as a 
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random effect to account for repeated measurements (weekly values) per individual tracked. 
The response variable was the observed cell occupation probability, with model variants 
combining the chlorophyll-a concentration, passive-movement probability, and their 
interaction (see Results). 
 
Models were contrasted using an index of Kullback-Leibler (K-L) information loss which 
assigns relative strengths of evidence to each model Burnham & Anderson 2002. We used the 
Akaike’s Information Criterion corrected for small sample sizes (AICc) to contrast models. 
AICc provides measures of model parsimony to identify those model(s) from a set of candidate 
models that minimize K-L information loss (Burnham & Anderson 2004), with the relative 
likelihoods of candidate models assessed using AICc weights. We also applied the dimension-
consistent Bayesian Information Criterion (BIC) because the K-L prior used to justify AIC 
weighting can favour more complex models when sample sizes are large (Burnham & 
Anderson 2004, Link & Barker 2006). Thus, the weight (wAICc and wBIC) of any particular 
model varies from 0 (no support) to 1 (complete support) relative to the entire model set. 
Model goodness-of-fit was assessed by calculating the per cent deviance explained (%DE) by a 
model relative to the null. 
 
5.3.3  Results 

Whale sharks had varied movement patterns but generally migrated into lower southerly 
latitudes (towards the equator) (Fig. 5.3). When leaving Ningaloo Reef, whale sharks 9 and 10 
headed south for approximately 270 km (near Dirk Hartog Island in Shark Bay) before 
swimming in north-west arcs along the shelf edge. When in pelagic waters (distances greater 
than ~100km from the coast) most sharks (with the exceptions of shark 13 and 15) 
maintained fairly consistent weekly directional headings with few deviations. Shark 13 
displayed widely deviating movement patterns across weeks, moving north towards the 
southeast coast of Java in Indonesia (an area high in productivity as indicated by high 
chlorophyll-a levels) (see Fig. 5.6), then circling around the shelf edge to return to the mid 
ocean basin between Java and northwestern Australia. When almost 1500 km northwest of 
Ningaloo, shark 15 deviated from its path and headed east towards sea-mounts adjacent to 
Christmas Island, Australia (Fig. 5.3). 
 
Individual whale shark tracks had poor correspondence with the probability distribution maps 
outputted from the passive diffusion model using geostrophic currents (Figs. 5.5a-f). 
 
Geostrophic current velocities throughout the northeast Indian Ocean ranged between 0 and 
206 cm/s-1 yet whale sharks occurred in waters where currents did not exceed speeds greater 
than 50.3 cm/s-1 (Table 5.4). Average speeds of whale sharks ranged between 1.2 and 3.2 
km/hr-1, with greater (up to 3 times) speeds than the maximum geostrophic current velocities 
they encountered during their migrations (Table 5.4). 
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Figure 5.6. Example of chlorophyll-a concentration map for the mid-winter period (June 2005). 

 
 
While geostrophic current directions varied widely throughout time across the region, there 
were regular appearances of cyclonic eddy systems (spiraling in clock-wise directions) and 
large anti-cyclonic eddies adjacent to these (usually around 350 km to the west of cyclonic 
eddies) in the mid ocean basin between Java and Western Australia (see Fig. 5.4). These 
eddies generally corresponded to visible regions of productivity as indicated by moderate 
chlorophyll-a concentrations (0.2-0.5 mg/m3, see Fig. 5.6). 
 
The generalized linear mixed-effects models demonstrated that the terms considered (passive-
movement predicted cell occupancy probability and chlorophyll-a concentration) accounted 
for only a small amount of the deviance in observed cell occupancy probabilities (Table 5.5). 
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Table 5.4. Comparison of tagged whale sharks, sex (F = female, M = male, ? = unknown), total track 
length (km) and the average movement speeds of whale sharks (km/hr-1) with average, mode, minimum 
and maximum of geostrophic current velocities (km/hr-1) within their observed migration routes. 

Shark 
ID 

Sex Total 
track 
length 
(km) 

Average 
speed of 
sharks 

(km/hr-1) 

Average 
velocity of 

geostrophic 
currents 
(km/hr-1) 

Mode of 
geostrophic 

current 
velocity 
(km/hr-1) 

Minimum 
geostrophic 

current 
velocity 
(km/hr-1) 

Maximum 
geostrophic 

current 
velocity 
(km/h-1) 

09 F 2003.84 2.41 22.43 41.73 5.48 82.06 

10 M 6384.76 1.74 47.44 58.89 4.17 151.20 

11 ? 1209.02 1.17 35.11 32.32 32.32 81.53 

13 F 6595.08 1.89 51.48 38.82 3.16 181.39 

14 ? 3944.63 1.36 47.75 74.81 19.87 134.87 

15 F 3441.76 1.63 44.41 52.72 2.81 160.34 

16 M 2681.19 3.19 31.57 27.27 3.39 160.34 

 
 
 

Table 5.5. Model comparison using Akaike’s Information Criterion corrected for small sample size (AICc) 
and Bayesian Information Criterion (BIC). Shown are the model terms (PMP = passive-movement cell 
occupancy probability; CHL = chlorophyll-a concentration), number of parameters (k), maximum log-
likelihood, deviance in criterion scores from top-ranked models (ΔAICc and ΔBIC), information criteria 
weights (wAICc and wBIC) and the per cent deviance explained by each model. 

No. Model k LL ΔAICc wAICc ΔBIC wBIC %DE 

1 ~PMP+CHL 5 -581.557 0.000 0.432 4.146 0.086 0.99 

2 ~CHL 4 -582.726 0.306 0.371 0.000 0.686 0.79 

3 ~PMP+CHL+PMP*CHL 6 -581.552 2.026 0.159 10.618 0.003 0.99 

4 ~PMP 4 -585.219 5.292 0.031 4.986 0.057 0.37 

5 ~1 (null) 3 -587.380 7.589 0.010 2.824 0.167 0.0 
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Although there was reasonable support for a weak effect of chlorophyll-a (Table 5.1, Model 2 
wAICc = 0.371, wBIC = 0.686), this term only accounted for 0.8 % of the deviance in the 
response. The addition of passive-movement probability was supported only by AICc (wAICc = 
0.432); however, the extra deviance explained by this addition was minimal (~0.2 %), and 
wBIC for this model was low (0.086). Examination of the partial residual plots for both terms 
(Fig. 5.7) showed a weak relationship with chlorophyll-a, but due to the highly skewed 
distribution (i.e., zero-dominated) of passive-movement probabilities, the correlation with 
observed cell occupancy probabilities was equivocal. 
 

 

Figure 5.7. Partial residual plots of the relationship between the complementary log-
log (clog-log) of the observed cell occupancy probability and the (A) log of 
chlorophyll-a concentration and (B) the clog-log of the passive-movement predicted 
cell occupancy probability. 
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5.3.4  Discussion 

Despite evidence that some marine species exploit surface flow characteristics to assist in 
migratory movements (Polovina et al. 2000, Luschi et al. 2003, Polovina et al. 2004), we found 
that surface geostrophic currents explained only a small proportion of the variation in the 
distribution of tracked whale sharks tagged at Ningaloo Reef. Indeed, the swimming speeds we 
recorded are comparable to those of other whale sharks tracked from Ningaloo (Gunn et al. 
1999), the eastern Pacific (Eckert & Stewart 2001), the South China Sea (Eckert et al. 2002), 
the Red Sea (Rowat et al. 2007), and the northwest Pacific (Hsu et al. 2007). Whale shark 
tracking studies have also found that some individuals move at high speeds (3.9 - 13.6 km/h) 
for relatively short periods (less than a day) (Gunn et al. 1999, Eckert & Stewart 2001, Hsu et 
al. 2007). Further, our tracked individuals swam generally much faster than average or 
maximum geostrophic current velocities they encountered. The combined current speed and 
direction data embedded within the stochastic passive diffusion model confirms quite clearly 
that whale sharks are capable of swimming effectively against prevailing currents and that they 
show little selection for current-assisted movement. 
 
Active swimming against currents will likely entail higher metabolic costs during their 
migration from Ningaloo. Whale sharks at Ningaloo are commonly observed to engage in 
surface feeding behaviour such as open-mouthed lunging and swimming in close circles 
through the water (Taylor 1994b, Gunn et al. 1999). This index of foraging suggests that 
energy acquisition necessary for the outward winter migration to the north is a fundamental 
reason for the existence of the seasonal aggregation at Ningaloo Reef. 
 
The lack of a strong correlation between whale shark movement patterns and surface 
productivity as measured by chlorophyll-a concentrations suggests either (i) they exhibit little 
selective foraging behaviour or (ii) that chlorophyll-a is poor proxy for zooplankton biomass 
due to potential disparities between the distributions and life histories of particular types of 
phytoplankton and zooplankton assemblages (McKinnon & Duggan 2001, Rossi et al. 2006). 
Indeed, satellite data limitations associated with the depth of light penetration in sea water 
may have biased this index of chlorophyll-a through omission or under-representation of 
phytoplankton biomass at increasing depth. Hydroacoustic sampling along Ningaloo Reef 
during summer has demonstrated that the deep chlorophyll maximum layer lies between 
depths of 60 to 100 m, whereas the SeaWiFS and MODIS data only account for chlorophyll-a 
in the layer between 0 and ~45 m from the surface, depending on atmospheric and bio-optical 
effects in the water column (Yan et al. 2001, Wilson et al. 2002). This disassociation may 
indicate that whale sharks are foraging on subsurface productivity that is not directly evident 
from remotely sensed data. 
 
In their migration from Ningaloo, whale sharks appear to adopt generally consistent 
directional headings into lower southerly latitudes along the continental shelf of north western 
Australia. While the routes taken varied among individuals, each shark tended to remain on an 
approximately consistent course. This suggests that whale sharks do not adopt random 
searching behaviours to maximize prey encounters, but may instead be responding to some 
larger-scale stimulus such as directed travel. Elasmobranchs are thought to rely on olfactory 
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stimuli for middle-scale navigation and orientation, but they may also use these senses to 
navigate over long distances (Montgomery & Walker 2001). For instance, sharks may respond 
to variability in the apparently featureless middle depths of the ocean where there is likely to 
be considerable vertical fine structure in relation to temperature and odour Montgomery & 
Walker 2001. Noise and geomagnetic cues may also play a role (Klimley 1993, Lohmann & 
Lohmann 1996, Montgomery & Walker 2001, Myrberg 2001). 
 
Future studies of whale shark movements and migration will require longer tag retentions to 
increase the proportion of the life cycle tracked, with additional information on ontogenetic 
shifts in movement patters (e.g., Field et al. 2005). Further, better tracking technology should 
allow for the collection of more behavioural data that will help to distinguish feeding 
behaviours from other activities (Robinson et al. 2007). Such additional information will 
provide a framework for prioritizing areas of whale shark habitat necessary to enhance 
existing conservation management arrangements at regional (Conservation and Land 
Management Act 1984), national (Commonwealth EPBC Act 1999) and international scales 
(IUCN and CITES). 
 
Overall, our study found little support for geostrophic currents acting as passive dispersal 
mechanisms to whale sharks in the northeast Indian Ocean, with the caveat to this being that 
we have used broad-scale (0.1 degree grids @ weekly intervals) data that may mask potential 
influences of these currents on whale shark distributions at smaller scales (i.e. km’s @ daily 
intervals). Alternately, inherent limitations associated with tag (i.e. geolocation/triangulation 
algorithms) and/or geostrophic data (i.e. generalisation of values within 0.1 degree grid cells) 
may have contributed to the lack of support for geostrophic transport in whale shark 
migration paths. Other studies have indicated lack of correspondence between historical ship 
drift and geostrophic currents, particularly in equatorial waters and suggest that additional 
information on wind stress and vertical viscosity can help improve, but not necessarily 
approximate a model to explain surface current drift (Arnault 1987). While there are no 
remotely sensed data available for measuring vertical viscosity of the north east Indian Ocean, 
new models approximating wind stress (from altimetry) could be included in future 
investigations. 
 
Regardless of the accuracy of available surface current data, whale sharks in the northeast 
Indian Ocean are likely to be actively foraging rather than simply transiting through areas of 
ocean. This premise is supported by results of PSAT tag studies showing diurnal and nocturnal 
vertical migration, characteristic of feeding behaviour (Wilson et al. 2006). Given that this is 
the case, we need to more closely identify and analyse the relationships between dive 
locations and biophysical parameters within the water column, across whale shark migration 
routes. 
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5.4  WHALE SHARK DIVE PATTERNS AND OCEANOGRAPHY 

5.4.1  Introduction 

Spatial and temporal variation in the physical, chemical, and biological structure of the ocean 
environment can influence the distribution of biological productivity. Inherent physiological 
limitations of particular organisms, coupled with the spatial variability of productivity, can 
influence the distribution and space (habitat) utilization of foraging marine animals. 
 
The world’s largest fish, the whale shark (Rhincodon typus Smith) has an extensive migratory 
distribution throughout the tropical oceans of the world yet very little is know about their 
dive habits. The development of microwave and satellite telemetry technology has enabled 
scientists to better understand the horizontal and vertical movements of whale sharks (Gunn 
et al. 1999, Eckert & Stewart 2001, Eckert et al. 2002, Graham et al. 2006, Wilson et al. 2006, 
Hsu et al. 2007, Rowat et al. 2007). Typically researchers have used ‘Pop-up’ archival tags 
(PSAT tags) which store a continuous stream (1-hour interval logs) of record data about dive 
depth until they detach from the fish and float to the surface. In contrast, newer technology of 
Splash Tags enables the transmission (via Argos satellites) of compressed depth histograms at 
intervals set at 1 or 12-hours. 
 

Despite the superior ‘continuous’ vertical data resolution of PSAT tags (compared to Splash 
Tags) these tags utilize ambient light-level data to calculate daily estimates of latitude and 
longitude which have shown to have variable accuracy. For instance, the mean latitude and 
longitudinal error in PSAT tags has shown to range between 0 ° - 5.65° depending on the 
timing/seasonality (presence of equinoxes) and proximity to the equator, light attenuation, 
water clarity, weather conditions, light sensor resolution, clock error, and diving behaviour 
(Musyl et al. 2001, Teo et al. 2004, Seitz et al. 2006, Wilson et al. 2006). 
 
In this study we examine the interaction between whale-shark dive locations (determined by 
basic interpolation from satellite geo-location of Splash Tags) and oceanographic variables of 
dissolved oxygen and temperature, (derived from objectively analysed water column profiles). 
We hypothesize that as large poikilotherms, whale sharks will conduct dives within the upper 
temperature limits and will occupy water within the upper limits of dissolved oxygen levels. 
 
5.4.2  Methods 

5.4.2.1 Tag Data 

Four whale sharks (refereed to hereafter as sharks 10, 11, 12 and 13) were tracked 
throughout the Indian Ocean (for up to 3-months) from Ningaloo Reef (113° 36’ E, 22° 42’ S) 
in Western Australia (Figure 5.8 a & b). Between the 1st and 6th of May 2005, Splash tags 
(Wildlife Computers, Redmond, USA) were fitted to the dorsal fins of the whale sharks 
following their initial spotting from the air by the pilot of a single-engine, high-wing aircraft 
who relayed their relative positions to an awaiting vessel below via UHF radio (see also 
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Wilson et al. 2006). Once the shark was located by the surface vessel, a snorkeller attached 
the tag connected to 1-meter tether using a handheld, pressure-driven applicator (RAMSET) 
that secured the tether by a stainless steel pin and neoprene saddle to the shark fin. Tag 
application techniques were developed at CSIRO Marine and Atmospheric Research in 
accordance with methods to minimize tag loss and adherence to strict animal ethics 
regulations. 
 
At intervals of 1-minute the Splash tags recorded maximum dive depth (m) for 14 histogram 
bins (15, 25, 50, 75, 100, 125, 150, 175, 200, 250, 300, 500, 1000, >1000), dive duration 
(seconds) for 12 histogram bins (300, 600, 900, 1200, 1800, 2400, 3000, 3600, 5400, 7200, 
9000, >9000), time-at-temperature (°C) for 14 histogram bins (4, 8, 12, 16, 20, 22, 23, 24, 25, 
26, 27, 28, 29, >29) and time-at-depth (m) for 14 histogram bins (15, 25, 50, 75, 100, 125, 150, 
175, 200, 250, 300, 500, 1000, >1000). 
 
When sharks visited shallow water whereupon tags broke the surface, geographic location and 
archived histogram data were transmitted every 45 seconds to Argos satellites. Upon 
download and inspection of different histogram data sources, most variables including; 
maximum dive depth, dive duration, time-at-temperature were found to have incomplete and 
inconsistent temporal coverages (i.e. erroneous and missing values). Consequently, ‘time-at-
depth’ was the only histogram variable with adequate data coverage to be used for analysis. 
 
Initially, we filtered surface reading to remove invalid locations or location class errors > 1000 
m (i.e., we retained classes 1, 2 and 3). The filter threshold was deemed appropriate to include 
locations that were well within the scale (at least 5 times smaller) (O'Neill et al. 1996) of the 
minimum resolution of corresponding environmental data (see below). Point location data 
were checked for anomalous locations to determine when the tags separated from whale 
sharks and became surface drifters. 
 
Surface point locations were imported as point data into ArcGIS v9.1 (ESRI, Redlands, USA) 
and a mid-point (centroid) between each location was interpolated (assuming linear 
movement between points). 
 
We ordered the time-at-depth data chronologically to correspond with the surface location 
data, converted the histogram bin data into raw data and summarised the mean depth 
between each surface location point. We considered a dive as the averaged depth (derived 
from a series of histogram depth bins) that fell within two surface (transmission) locations. 
We use the basic assumption that between two surface transmission points all dives are 
relatively equal and can be summarized as a single averaged dive value. We justify this 
generalisation technique on the grounds that the dive intervals between surface transmissions 
were typically short (<3 days) and within these intervals the majority (~80%) of dives did not 
vary more than 20 m. 
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Figure 5.8. a) Track locations of tagged whale sharks (b) 3-dimensional dive tracks of whale sharks in relation to bathymetry. 
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The mean depth values (representing dives) were joined in chronological order to the mid-
point shapefile in ArcGIS v9.1. A 3-dimensional track line was created for each shark using the 
surface location points and the mid-points with mean depth values. 
 
The average accuracy of track lines interpolated from Argos tagged marine animals have been 
found to be unaffected by various interpolation methods and are always within the precision 
of the tracking technique used (Tremblay et al. 2006a). 
 
Mean dive depth values were later rounded to the nearest depth bin corresponding with the 
oceanographic data layers. 
 

5.4.2.2  Oceanographic Data 

We used monthly objectively analysed oceanographic data of temperature and dissolved 
oxygen from the World Ocean Atlas 2005 (WOA05) (supplied by the U.S. National 
Oceanographic and Atmospheric Administration –NOAA) to describe the Indian Ocean 
environment within the region occupied by the four whale sharks. 
 
Oceanographic data was stored as individual comma delimited files for each variable 
(temperature and dissolved oxygen) and month and for each of the 22 depth levels (20, 30, 50, 
75, 100, 125, 150, 200, 250, 300, 400, 500, 600, 700, 800, 900, 1100, 1200, 1300, 1400, 1500 
and 1750 m). These data were imported as point files into ArcGIS v9.1 and converted to 
raster layers with grid cell sizes of 1-degree latitude and longitude. Histograms were used to 
summarise the overall distribution of temperature and dissolved oxygen values that were 
available to the whale sharks during their presence in the region. 
 
We selected temperature and dissolved oxygen depth layers that corresponded temporally 
(monthly) and spatially (depth) with mean dive depth point files and subsequently extracted 
the values for these variables using GridSampler software.Using the extracted variables we 
made histograms displaying the distribution of temperature and dissolved oxygen values within 
which each whale shark was observed. 
 
5.4.3  Results 

The majority (> 67%) of the ocean area available to the whale sharks had low temperatures 
ranging between 0 and 18˚C (Figure 5.9 a). More than 60% of the ocean area available to 
whale sharks had low ranges (0 - 3 ml/l-1) of dissolved oxygen (Figure 5.9 b). 
 
Every shark except for shark 13 made at least 60% of their dives in areas of the ocean 
containing high temperatures (24.01 < 30˚C) (Figure 5.10a). Shark 13 conducted all of its dives 
in medium to high water temperatures (12.01 < 30˚C) (Figure 5.10a). 
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Greater than 70% of dives by sharks 10, 11 and 12 were in waters rich in dissolved oxygen (4 
< 5 ml/l-1) (Figure 5.10b). While the majority of shark 13 dives were in waters rich in dissolved 
oxygen (4 < 5 ml/l-1), at least a third of the dives occurred in waters with moderate levels of 
dissolved oxygen (~3 ml/l-1) (Figure 5.10b). 
 
Sharks 10 and 11 conducted the largest proportion (<60%) of their dives in depths less than 
100 m (Figure 5.11). Around 30% of dives by sharks 12 and 13 were in depths greater than 
300 m (Figure 5.11). 
 
Overall sharks 10, 11 and 12 appeared to have preference for warmer waters that were also 
rich in dissolved oxygen, despite the fact that shark 12 exploited deeper areas of oceans. 
Shark 13 didn’t appear to display a high preference for warmer waters, rich in dissolved 
oxygen and had the greatest variation in depths exploited whilst diving. 
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Figure 5.9. a) distribution of temperature and (b) distribution of dissolved oxygen levels throughout the Indian Ocean in which the whale sharks were observed. 
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Figure 5.10. a) frequency distribution of temperatures and (b) dissolved oxygen levels corresponding to dives by whale sharks 
 



Population monitoring protocols for whale shark 

 121 

 
Figure 5.11. Frequency distribution of depths occupied by whale sharks during dives. 
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5.4.4  Discussion 

When conducting dives and migrating from Ningaloo Reef in 2005, at least three of the four 
tagged whale sharks appeared to be actively (rather than passively) selecting for areas of ocean 
with higher temperatures and dissolved oxygen levels. This is based on the apparent lack of 
correspondence between water temperatures/dissolved oxygen levels within which whale 
sharks occurred and the overall pattern of cooler water temperatures (0 – 18˚C) and low 
dissolved oxygen levels (0 - 3 ml/l-1) found throughout a large proportion (>60% of the area) 
of the North-East Indian Ocean environment between the months of April and September. 
 
Temperature and oxygen are important for regulating metabolic processes in all animals. 
Animals such as sharks are poikilotherms meaning they are affected by thermal changes in 
their external environments (Vas 1990). Typically metabolic rates of animals decrease with 
increasing body mass, yet in poikilotherms these increase with ambient temperature 
(Makarieva et al. 2005). As such large terrestrial poikilotherms tend to occur in the warmer 
(tropical) environments where metabolic processes are faster and more oxygen is available for 
respiration (Makarieva et al. 2005). In aquatic environments, the amount of oxygen available to 
animals is several orders of magnitude lower than in terrestrial environments and is dependant 
on temperature (and salinity and pressure) (Weiss 1970), such that oxygen solubility 
(dissolved oxygen) decreases with increasing temperature. According to this logic we would 
expect to find the largest aquatic poikilotherms such as whale sharks (the world’s largest fish) 
in shallower/warmer waters as demonstrated in our findings. 
 
Being large poikilotherms, whale sharks are likely to avoid diving into areas of low dissolved 
oxygen and low temperature particularly when foraging, as exposure to these conditions may 
be metabolically expensive. Graham et al. (2006) believes that whale sharks may be able to 
tolerate low temperatures for short periods due to their layer of subcutaneous fat. 
 
Studies of whale shark dive behaviours in the Sea of Cortez, Mexico, at Ningaloo Reef in 
Western Australia and in the Northwestern Pacific near Taiwan have shown complimentary 
patterns as we have shown here with sharks spending the majority of their time (mostly 
>80%) in shallow water (<10 m depth) and occurring within warm water temperatures of (20 
- 32°C) (Gunn et al. 1999, Eckert & Stewart 2001, Hsu et al. 2007). Other studies have shown 
whale sharks to mainly undertake diurnal dives and remain in shallow water during the night 
(Vas 1990, Graham et al. 2006, Hsu et al. 2007). In the Gladden Spit Marine Reserve, Belize 
(Meso-America) Graham et al. (2006) recorded 3 whale sharks to dive as deep as 979.5 m 
where temperatures were below 7.6°C with most sharks spending the majority (> 80%) of 
their time in waters 25–30°C. Graham et al. (2006) proposed that deeper diving behaviour 
was likely a response to reduction in availability of prey items and rapid ascents made by 
sharks were presumably a thermoregulatory behaviour, to re-oxygenate the gills following 
time spent in low oxygen layers of the water column. 
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Overall the results of this study give further weights of evidence to suggest that whale sharks 
prefer to occupy shallow depths and warm waters, rich in dissolved oxygen. Whether this 
preference is related to minimising physiological stress or is simply a beneficial strategy for 
enhancing prey capture, remains to be tested in further detail. 
 
It may be that whale sharks use diving as a secondary (alternative) strategy only to evade 
predators and enhance prey capture when search effort yields poor results in shallower water. 
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6.  ANALYSIS OF HISTORICAL DATA SETS 

6.1  OVERVIEW 

Seasonal observations of whale shark abundance recorded by ecotourism operators at 
Ningaloo Reef from 1995-2004 provide a historical data set that can be used to investigate 
temporal patterns in abundance of whale sharks in relation to oceanographic phenomenon and 
decadal trends in population composition and size. These records were compared with 
regional and global oceanographic and atmospheric variables, including average weekly sea 
surface temperatures (SST), along-shelf wind shear (WS), sea level (SL) and the Southern 
Oscillation Index (SOI). Estimates of these physical variables were derived from either ground-
based data or from remote-sensing instruments. We applied generalised linear mixed-effects 
models (GLMM) with random sampling and model simulation to determine the relationships 
between the number of whale sharks and all model variants of the environmental parameters. 
Models were contrasted using information-theoretic weights of evidence. The SOI had the 
most support for explaining the deviance in weekly whale shark abundance at Ningaloo Reef 
during a season. The SOI positively influenced whale shark abundance such that during La Niña 
years, more sharks were sighted, and fewer were recorded during El Niño years. This may 
reflect changes in the strength of oceanographic processes such as the Leeuwin Current in 
response to the Southern Oscillation, which may act to transport sharks to the region and/or 
affect their prey by driving productivity events. 
 
In addition to variation in response to oceanographic phenomena, analysis of ecotourism 
records shows that mean shark length declined linearly by nearly 2.0 m and relative abundance 
measured from ecotourism sightings (corrected for variation in search effort and 
environmental stochasticity) has fallen by approximately 40 % over the last decade. This 
population-level result confirms previous predictions of population decline based on 
projection models parameterised using mark-recapture estimates of survival. The majority of 
these changes are driven by reductions in the number of large individuals in the population. 
Phenomenological time series models support a deterministic (extrinsic) decline in large 
females, although there was some evidence for density dependence in large males. These 
reductions have occurred despite the total protection of whale sharks in Australian waters. As 
this species is highly migratory, the rapid change in population composition over a decade (< 1 
whale shark generation) supports the hypothesis of unsustainable mortality in other parts of 
their range (e.g., overfishing), rather than the alternative of long-term abiotic or biotic shifts in 
the environment. As such, effective conservation of whale sharks will require international 
protection, and collaborative tagging studies to identify and monitor migratory pathways. 
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6.2  OCEANOGRAPHIC AND ATMOSPHERIC PHENOMENA 
INFLUENCE THE ABUNDANCE OF WHALE SHARKS AT NINGALOO 
REEF, WESTERN AUSTRALIA 

6.2.1  Introduction 

Whale sharks (Rhincodon typus), the largest fishes in the ocean (attaining sizes > 12 m in 
length), have a global tropical and warm-temperate distribution (Last & Stevens 1994). This 
wide-ranging species (Wilson et al. 2006, Bradshaw et al. 2007, Castro et al. 2007) aggregates 
seasonally at several coastal locations around the world (Clark & Nelson 1997, Gunn et al. 
1999, Heyman et al. 2001, Meekan et al. 2006, Wilson et al. 2006, Rowat et al. 2007), making 
the species the target of lucrative ecotourism operations (Colman 1997, Davis et al. 1997). 
Whale sharks are suction filter feeders and their occurrence in coastal waters is believed to 
coincide with productivity events that provide an ample supply of zooplanktonic food (Taylor 
& Grigg 1991, Taylor 1996, Clark & Nelson 1997, Gunn et al. 1999, Heyman et al. 2001, 
Wilson et al. 2001a). Although various studies have attributed the aggregations of whale 
sharks off Ningaloo Reef to feeding as opposed to reproduction (given that a major 
proportion of the observed whale sharks are sexually immature males – Meekan et al. 2006), 
few studies have attempted to verify how the abundance of whale sharks is influenced by 
other environmental variables (Gunn et al. 1999, Wilson et al. 2001a). 
 
A variety of oceanographic and atmospheric variables are known to influence the spatio-
temporal abundance of pelagic and migratory marine organisms. The relative importance of 
these variables to a particular organism will depend on the spatial scale at which these 
processes operate and the functional importance of this scale to the organism. El Niño-
Southern Oscillation (ENSO) is a global atmospheric process that is described by the 
Southern Oscillation Index (SOI) as the mean sea-level pressure difference between the 
central Pacific (Tahiti) and the north-eastern Indian Ocean (Darwin). In years when the sea-
level pressure is higher in Pacific than the Indian ocean (a La Niña year), trade winds drive 
stronger currents and warmer sea temperatures along the north of Australia, positively 
influencing the southward flow of the Leeuwin Current along the west coast of Australia 
where whale sharks aggregate annually between March and June off Ningaloo Reef (Pearce & 
Phillips 1988, Caputi et al. 1996). 
 
Wilson et al. (2001a) demonstrated that uncorrected total counts of whale sharks at Ningaloo 
between 1993 and 1998 were moderately correlated with the SOI, yet weakly correlated with 
local oceanographic variables such as sea level (SL) and sea surface temperature (SST). They 
concluded that inter-annual variation in the strength of the Leeuwin Current (related to the 
SOI rather than SL) had a greater influence on whale shark abundance than local-scale 
processes, presumably due to the active-transport mechanism, or directional cues provided by 
the Leeuwin Current. However, results of the Wilson et al. (2001a) study were potentially 
biased by inconsistent sampling strategies used in the collection of shark abundance data and 
the limited temporal extent of sampling periods. Furthermore, abundance data were not 
corrected for variation in sampling effort among years and they did not determine how these 
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oceanographic variables correlated with whale shark sightings at shorter temporal scales of 
months or weeks. 
 
Here, we build on the work of Wilson et al. (2001a) by analysing a larger time series of whale 
shark observations from Ningaloo Reef that has been corrected for sampling effort (number 
of hours of observation). We also use a larger range of environmental variables and a more 
statistically rigorous method to determine how ocean and atmospheric processes may 
influence whale shark abundance. In addition to using a time series of SOI values, we use in situ 
measurements of sea level (SL) from a tide gauge and wind shear from a weather station 
situated close to those where whale shark sightings were recorded. We aim to estimate 
better the effect of physical oceanographic variables on whale shark abundance and 
understand this relationship in the context of the Leeuwin Current (Pearce & Phillips 1988). 
 
6.2.2  Methods 

6.2.2.1  Whale shark abundance data 

We accessed an relative abundance dataset spanning from 1995 to 2004 of whale shark 
observations recorded from ecotourism vessels at Ningaloo Reef (Colman 1997). The area 
surveyed for whale sharks by ecotourism operators encompassed the northern and southern 
sections of the Ningaloo Marine Park in the Indian Ocean on the Northwest Cape of Western 
Australia (21º 40’ S to 23º 30’ S and 113º 45’ E to 114º 15’ E), which spans approximately 260 
km of coastline from north to south. The number of whale sharks encountered by each 
operator each day during the months of April and May (the peak of the whale shark season) 
and the search time (effort) was recorded in a standardised log sheet as a licensing 
requirement for operators by the West Australian Department of Environment and 
Conservation (DEC) (formerly the Department of Conservation and Land Management). 
These data were used to calculate the average daily, weekly and monthly abundance of whale 
sharks and search effort. 
 

6.2.2.2  Oceanographic and atmospheric parameters 

Daily and monthly SOI values were acquired from the Australian Bureau of Meteorology and 
weekly values were subsequently calculated using running mean sea level pressure values 
(MSLP) between Tahiti and Darwin with the base period of 1932-1999. The temporal span of 
the SOI data was consistent with that of the whale shark abundance dataset. Sea level (SL) 
data were collected hourly from a tide gauge deployed at Milyering (21º 1.816’ S and 113º 
55.316’ E) in the northern section of the Marine Park from 1998. The data were corrected to 
remove the effects of tides and inertial signals using a low-pass filtering technique where values 
were smoothed (averaged) over 30 hours. Daily, weekly and monthly average SL values were 
calculated. Sea surface temperature (SST) is known to predict biologically important changes 
in fish abundance (Iwasaki 1970, Fiedler & Bernard 1987). SST data were calculated from daily 
and weekly composites of 4-km resolution NOAA Advanced Very High Resolution 
Radiometer (AVHRR) satellite images of the Ningaloo region (21º S to 24º S and 112º E to 
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115º E). The 4 × 4 km pixel values in the composites were spatially averaged to obtain single 
daily and weekly SST values. 
 
Wind shear (WS) was hypothesised to correlate with whale shark abundance because it is a 
good proxy for the strength and direction of wind along the shelf, and thus related indirectly 
to the strength of the Ningaloo Current, an inshore counter current that is believed to be 
important for retaining planktonic biomass along Ningaloo Reef (Taylor & Pearce 1999). Wind 
speed and direction data were collected half-hourly at a weather station at Milyering from 
1997. These were used to calculate an along-shelf wind vector or wind shear parameter that 
was a length vector calculated by combining wind direction and speed and rotating the data 
clockwise at 60º (relative to true north). Currents and winds were also rotated to along- and 
cross-shelf components. The same low-pass filtering technique used for SL was also used for 
wind shear and the resulting values averaged on daily, weekly and monthly intervals. 
 
We also explored the utilisation of weekly maps from a variety of remotely sensed and point-
source data for determining the influences of other biophysical properties on whale shark 
abundance. We generated maps of weekly surface geostrophic currents (surface current 
estimates that relate directly to sea surface topography and the Coriolis force) using 
Topex/Poseidon altimetry data (www.aviso.oceanobs.com) with a spatial resolution of 0.1 
degrees (latitude/longitude). Maps were made in ArcGIS 9.1 according to calculations 
described by (Polovina et al. 1999), where U and V vectors were calculated and then 
decomposed into compass direction (degrees True North) and velocity (cm/s-1). Weekly 
chlorophyll-a maps with 9-km spatial resolution were derived from Sea-viewing Wide Field-of-
view Sensor (SeaWiFS) level 3 (version 5.1) Global Area Coverages (GAC) using SeaDAS 4.8 
ocean color software (developed by the US National Aeronautics and Space Administration – 
NASA).While some of these additional data helped to illustrate general patterns in 
oceanographics, we refrained from including weekly maps of chlorophyll-a concentration (e.g., 
SeaWiFs) and geostrophic currents/mean sea surface height (e.g., Topex/Poseidon altimetry) 
in any further analysis since large areas without data were frequently present in maps due to 
atmospheric interference or due to coastal/land mask generalisation. 
 

6.2.2.3  Analysis 

A series of generalised linear mixed-effects models (GLMM) were used to explore 
relationships between oceanographic and atmospheric variables and relative whale shark 
abundance at Ningaloo Reef. Examination of the residuals for the saturated models 
determined the statistical family (i.e., Gaussian, gamma etc.) and error distribution most 
appropriate for each analysis. In this case, a gamma error distribution with a log link function 
was most appropriate. The error structure of GLMM corrects for non-independence of 
statistical units (relative abundance estimates) due to shared temporal structure (months), and 
permits the 'random effects' variance explained at different levels of clustering (months) to be 
decomposed. All oceanographic and atmospheric variables were modelled as fixed effects. 
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Model comparison was based on Akaike’s Information Criteria corrected for small samples 
(AICc), (Burnham & Anderson 2002). Model AICc were ranked, with the most parsimonious 
model(s) having the lowest AICc values and highest model weights (Lebreton et al. 1992). 
From the set of a priori models we used a predictive model averaging procedure to determine 
the magnitude of the effect of some terms, keeping all other dependent variables constant 
(Burnham & Anderson 2002). The weights of evidence (w+i) for each variable were calculated 
by summing the model AICc weights (wi) over all models in which each term appeared. 
However, the w+i values are relative, not absolute because they will be > 0 even if the 
predictor has no contextual explanatory importance (Burnham & Anderson 2002). To 
determine the predictors that were relevant to the data, a baseline for comparing relative w+i 
across predictors was required. Following Burnham & Anderson (2002), we randomised the 
data for each predictor separately within the dataset, re-calculated w+i, and repeated this 
procedure 100 times for each predictor. The median of this new randomized w+i distribution 
for each predictor was taken as the baseline (null) value (w+0). For each term the relative 
weight of evidence (Δw+) was obtained by subtracting w+0 from w+i. Predictors with Δw+ of 
zero or less have essentially no explanatory power. All statistical analyses were done using the 
R Package (R Core Development Team 2004). 
 
We separated the modelling component into a hierarchy based on the extent of the time 
series for each environmental variable. Only SOI and SST data available for the full dataset of 
whale shark abundance (1995–2004), so these and all combinations of these variables were 
used for the initial model (all-subsets). Sea level and wind shear were only available from 1998-
2004. Consequently, the second model used four environmental variables (SOI, SST, SL and 
WS) and all combinations of these to determine how they influenced weekly whale shark 
abundance from 1998 to 2004. A Spearman’s correlation analysis was done for each set of 
variables in each model. Highly correlated (r > 0.8) variables were not included in the same 
model. The percentage of deviance explained (D) was also calculated for each model as a 
measure of goodness-of-fit. 
 
6.2.3  Results 

6.2.3.1  Relative abundance of whale sharks 1995-2004 

Within the annual period (March to July) when whale sharks attend the area off Ningaloo 
Reef, the highest abundances were observed in early April 1995 and 1996, and towards the 
end of May in 2002 (Fig. 6.1a & b). In most years, weekly whale shark sightings were clustered 
between the beginning of April and the beginning of June, with few sighting occurring at the 
start of March or at the end of June. 
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Figure 6.1. The weekly abundance of whale sharks observed off Ningaloo Reef 
from March to July between years (a) 1995 – 1999, and (b) 2000 – 2004. 
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6.2.3.2  Weekly SOI and SST from 1995-2004 

SOI and SST were weakly correlated (0. 28, Table 6.1). The model that included the Southern 
Oscillation index (SOI) was the best in the set of possible models for explaining the variation 
in weekly abundance of whale sharks between 1995 and 2004 (8.9 % deviance explained, Table 
6.2). The weights of evidence revealed that the SOI term had the highest contribution to 
model fits (Δw+ = 0.30). In general, there was a positive relationship between weekly whale 
shark abundance at Ningaloo Reef and SOI values in 1995-2004 suggesting that more whale 
sharks were observed in weeks with a characteristic La Niña signal while relatively few sharks 
were observed in weeks with a strong El Niño signal (Fig. 6.2). 
 
 

Table 6.1: Correlation matrix between Southern Oscillation index (SOI), sea surface 
temperature (SST), sea level (SL) and along shelf wind shear (WS) from 1998-2004. 

 SOI SST SL 

SST 0.292 - - 

SL 0.512 0.419 - 

WS 0.091 0.074 0.502 

 
 
 

Table 6.2: Generalised linear mixed-effects models and information-theoretic statistics 
based on the change in Akaike’s Information Criterion corrected for small samples 
(ΔAICc) for model scenario 1 using Southern Oscillation index (SOI) and sea surface 
temperature (SST) to estimate trends in weekly whale shark abundance from 1995-
2004. Notations; D = % deviance explained ΔAICc = change in AICc between models,  
w i = AICc weight. 

Model D ΔAICc w i 

SOI 8.904 0.000 0.424 

SST 3.270 1.949 0.159 
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Figure 6.2. Partial residual plot generated from the most-parsimonious generalized 
linear model relating weekly whale shark abundance between 1995 and 2004 to the 
Southern Oscillation index (SOI). The solid line is the fitted linear model. The dashed 
lines are the approximate 95 % point-wise confidence intervals. 

 
 

6.2.3.3  Weekly SOI, SST SL and WS from 1998-2004 

Of all the variables, only SOI and sea level were moderately correlated (0.512, Table 6.1). 
Despite several competing models (Table 6.3) only SOI and SST had sufficient evidence for 
explaining variance in whale shark abundance (Δw+ = 0. 19 and 0.15, respectively). Both these 
variables were positively correlated with whale shark abundance (Fig. 6.3), yet the model that 
included only SOI was able to explain a larger amount of the deviance in the data compared to 
a model that included SST or a model that included both SST and SOI. This suggested that SOI 
had the best predictive capacity for explaining the weekly abundance of whale sharks at 
Ningaloo Reef. 
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Table 6.3: Generalised linear mixed-effects models and their information-theoretic 
statistics based on the change in Akaike’s Information Criterion corrected for small 
samples (ΔAICc) for model scenario 2 using Southern Oscillation index (SOI), sea 
surface temperature (SST), sea level (SL) and wind shear (WS) to estimate trends 
in weekly whale shark abundance from 1998-2004. Notations; D = % deviance 
explained, ΔAICc = change in AICc between models, w i = AICc weight. 

Model (i) D ΔAICc w i 

SOI + WS 26.152 0.000 0.218 

SST + WS 24.585 0.343 0.183 

WS 14.804 0.548 0.165 

SOI + SST+WS 30.894 0.962 0.134 

SL + WS 19.408 1.476 0.104 
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Figure 6.3. Partial residual plots generated from the most-parsimonious generalized linear model relating 
weekly whale shark abundance between 1998 and 2004 to the Southern Oscillation index (SOI) and sea 
surface temperature (SST). The solid lines represent the fitted linear models. The dashed lines are the 
approximate 95 % point-wise confidence intervals. 
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6.2.4  Discussion 

Of the atmospheric and oceanographic variables that were hypothesised to influence whale 
shark abundance at Ningaloo Reef, only the SOI appeared to be related to shark numbers. In 
the analysis of the longest time series of environmental and abundance data (1995-2004), the 
SOI was negatively correlated with weekly whale shark abundance. The importance of the SOI 
did not change even when additional environmental variables were included in the models, and 
the weekly dataset of shark abundance was truncated (1998-2004). There was some support 
for SST having an influence on relative whale shark abundance, although unlike the SOI, there 
is likely to be high spatial variation in SST at scales of 1 to 100 km Sumner et al. 2003. Weekly 
AVHRR satellite image composites captured during times when whale shark abundances are 
peaking at Ningaloo, illustrate the presence of high SST’s in the north – eastern Indian Ocean 
extending south past Ningaloo reef where mixing with cooler surface water occurs (Figure 
6.4). A clearer analysis of the relationship between SST and whale shark abundance requires a 
more explicit spatial and temporal assessment which is likely to come through future tagging 
studies. Surprisingly, sea level had little influence on whale shark abundance, despite its strong 
correlation with the strength of the Leeuwin Current and SOI (Pearce & Phillips 1988). 



Population monitoring protocols for whale shark 

 135 

 
Figure 6.4. Weekly AVHRR satellite image composite of sea-surface temperature variability in the East 
Indian Ocean during the annual period when average whale shark abundances tend to be high (1st week 
of May). 
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Our results based on corrected data and using a rigorous multi-model inferential approach 
(Burnham & Anderson 2002) support the findings of Wilson et al. (2001a) who also suggested 
that SOI was an important factor influencing the abundance of whale sharks at Ningaloo Reef. 
The SOI is effectively a measure of ENSO, a large-scale climatic process that has two climatic 
phases: El Niño and La Niña. During the latter, strong Pacific trade winds and warmer sea 
temperatures (also known as the Walker circulation) in the ocean north of Australia act to 
increase the strength of a variety of ocean currents, notably the Indonesian Through-Flow and 
the East Gyral current and ultimately the southerly flowing Leeuwin Current (Rochford 1962, 
1984) (Fig. 6.5a & b). These currents may influence the abundance of whale sharks at Ningaloo 
Reef in two ways; first, by providing a transport mechanism (i.e., currents - geostrophic flow) 
for sharks to the Ningaloo region and second, by acting as the drivers of coastal upwelling and 
productivity events (increased chlorophyll-a) that increase zooplankton abundance for filter-
feeding sharks. While we cannot retrospectively determine the configuration of currents in 
the north eastern Indian Ocean during the times when high abundances of whale sharks were 
observed at Ningaloo, we can make some inferences about surface current structure through 
the use of Altimetry data. Geostrophic surface flow vectors (generated from Topex/ Poseidon 
Altimetry -Sea Surface height data) show cyclonic and anti-cyclonic circulation (eddies) present 
offshore during periods of high whale shark abundance (Fig. 6.6). These might influence 
numbers by entraining sharks and transporting them southwards toward the reef. 
 
Ocean colour satellite imagery (SeaWiFs) indicates the presence of high chlorophyll-a 
concentrations in the surface waters in the Gulf of Exmouth (adjacent to Ningaloo) and in 
anomalous ‘highly mixed’ water bodies off the shelf from Ningaloo reef during the period 
when whale sharks are in peak abundance (Fig. 6.7). These relationships are intriguing, but 
require further investigation to determine how primary production equates spatially with 
secondary production and the subsequent availability of food to whale sharks. 
 
A long-term (decadal) photo-identification study of whale sharks at Ningaloo Reef has shown 
that many sharks are resighted in successive years at this locality (Meekan et al. 2006, 
Bradshaw et al. 2007). Tagging studies using Pop-up archival tags (PSAT) show that following 
aggregations, whale sharks move northward from Ningaloo (Wilson et al. 2006). Tags that 
detach from whale sharks < 4 to 5 months after deployment are typically found on the 
continental shelf to the north, while tags that detach after this time have been found in the 
open ocean beyond the continental shelf. Wilson et al. 2006 suggested that this indicates that 
whale sharks could be using the directional cues of the northward-flowing current systems 
such as the Ningaloo Current to migrate northwards along the shelf after visiting Ningaloo 
and then later move offshore to take advantage of the southward-flowing Leeuwin Current to 
return to the reef. A weakening or strengthening of the Leeuwin Current as a result of the 
ENSO phenomenon might thus account for the correlation between the SOI and relative 
whale shark abundance. 
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Figure 6.5. Oceanographic models indicating the relative differences in the circulation patterns and 
strength of major currents (as denoted by thickness of arrows) in the North East Indian Ocean during (a) 
La Niña and (b) El Niño climatic periods. 
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Figure 6.6. Weekly Topex/ Poseidon altimetry composite of Sea Surface height and associated 
geostrophic flow (direction and velocity) in the East Indian Ocean during the annual period when whale 
shark abundances tend to peak (1st week of May). 
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Figure 6.7. Weekly SeaWiFs satellite image composite of chlorophyll-a concentration in the East Indian 
Ocean during the annual period when whale shark abundances tend to peak (1st week of May). 
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The influence of the ENSO climatic signal is not limited to physical effects on currents. 
Variation in the strength, timing and path of the Leeuwin Current due to ENSO has cascading 
effects on the types and abundances of marine organisms that occur on the Western 
Australian coastline (Caputi et al. 1996). For instance, recruitment of the western rock lobster 
(Panulirus cygnus) is positively influenced, while recruitment of scallops (Amusium balloti) and 
pilchards (Sardinops sagax neopilchardus) are negatively influenced. These annual differences 
probably reflect changes in the food chains and the availability of the appropriate prey for 
larval or young stages. For whale sharks, it is possible that La Niña climatic episodes influence 
abundance on Ningaloo Reef by favouring the oceanographic conditions necessary for the 
proliferation of their prey. While the strong Pacific trade winds characteristic of La Niña are 
important for driving the warm, southerly-flowing Leeuwin Current, the strength of this 
current also positively influences the flow of the cooler Ningaloo counter-current The 
Ningaloo Current predominates on the reef front from September to April, and is believed to 
influence coastal upwelling with prevailing South Westerly winds due to Ekman transport 
(Holloway & Nye 1985, Taylor & Pearce 1999, Holloway 2001). This upwelling determines 
localised productivity events along the Ningaloo coast, which may attract whale sharks to the 
reef (Taylor & Pearce 1999). In temperate regions there is some evidence that large-scale 
climatic phenomena influence the abundance of planktivorous sharks (e.g., basking sharks 
Cetorhinus maximus) by driving oceanographic events that alter productivity of coastal waters 
and ultimately the availability of zooplankton food (Squire 1990, Sims & Quayle 1998). 
 
It is still a challenge to determine how changes in the strength of current systems in response 
to the ENSO phenomenon may act to transport sharks to the region and/or indirectly affect 
their prey by driving productivity events at Ningaloo Reef. This issue is currently under 
investigation through the deployment of satellite tags so that whale shark migrations can be 
linked to oceanographic processes observed from remotely sensed data. Satellite 
measurements of chlorophyll a concentrations and other potentially important parameters 
(e.g., SST and salinity) can be overlaid on migration pathways to determine the extent to 
which whale shark aggregations are related to physical transport mechanisms and productivity 
of Ningaloo Reef. 
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6.3  DECLINE IN WHALE SHARK SIZE AND ABUNDANCE AT 
NINGALOO REEF OVER THE PAST DECADE: THE WORLD’S 
LARGEST FISH IS GETTING SMALLER 

6.3.1  Introduction 

The effects of overfishing reach far beyond the relatively predictable reduction of yields (Food 
and Agriculture Organisation of the United Nations 2006); overfishing of marine species can 
also disrupt important biological processes by removing particular size classes (Walker 1998), 
thereby changing an exploited population’s age structure, individual maturation times and 
growth rates (Myers et al. 1995, Jennings & Kaiser 1998, Jennings et al. 1998, Dulvy et al. 
2003, Reynolds et al. 2005). Changes to demographic rates and the evolutionary patterns 
induced by size-selective fishing can increase extinction risk in harvested species (Jennings & 
Kaiser 1998, Jennings et al. 1998, Conover & Munch 2002, Reynolds et al. 2005), so measuring 
changes in size structure is an important step in identifying whether over-exploitation has 
occurred (Shin et al. 2005, Greenstreet & Rogers 2006). 
 
Many large pelagic species such as tunas, billfishes and sharks that are targeted directly or are 
taken as bycatch in industrial fisheries have experienced substantial declines over the last 
century (Baum et al. 2003, Sibert et al. 2006, Myers et al. 2007). For sharks in particular, high 
harvest rates mainly from bycatch have resulted in rapid population declines (Baum et al. 2003, 
Robbins et al. 2006, Sibert et al. 2006, Myers et al. 2007), although the dynamics of the 
interacting drivers of decline make predictions of extinction risk difficult (Walker 1998, 
Stevens et al. 2000, Baum et al. 2003, Baum et al. 2005, Burgess et al. 2005a, b, Robbins et al. 
2006). Additionally, these population crashes have occurred in spite of the perceived lower 
extinction risk of broad-ranging and wide-dispersing species (Terborgh & Winter 1980). 
 
Although harvested to an unquantified extent (Chen et al. 1997a, Chen & Phipps 2002), the 
world’s largest fish, the whale shark (Rhincodon typus Smith, 1828), also appears to have 
declined throughout much of its range (CITES 2002, Theberge & Dearden 2006, Bradshaw et 
al. 2007). These wide-ranging (Eckert et al. 2002, Wilson et al. 2006, Bradshaw et al. 2007, 
Castro et al. 2007) filter feeders are distributed throughout the world’s tropical and warm 
temperate seas and are classed as Vulnerable under IUCN Red List criteria and listed by the 
Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES) in 
Appendix II (i.e., “species not necessarily threatened with extinction, but in which trade must 
be controlled in order to avoid utilization incompatible with their survival”) (CITES 2002). 
Like most shark species, whale shark have slow growth rates, late maturity and extended 
longevity (Frisk et al. 2001, Bradshaw et al. 2007, Graham & Roberts 2007), and such traits are 
likely to limit annual recruitment and increase susceptibility to over-exploitation by humans 
(Smith et al. 1998, Bradshaw et al. 2007). The high degree of connectivity among aggregations 
at broad spatial scales (Castro et al. 2007, Graham & Roberts 2007) suggests that 
unsustainable fishing mortality at one locality will affect unexploited aggregations at another 
(Bradshaw et al. 2007). 
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In the late 1980s, aggregations of whale sharks were reported in coastal waters at a few 
locations in Australia, Southeast Asia and the Caribbean (Taylor 1996, Heyman et al. 2001). 
Since this time, the predictability of seasonal aggregations has fostered the development of a 
profitable ecotourism industry (Meekan et al. 2006, Graham & Roberts 2007). Ecotourism at 
Ningaloo Reef, Western Australia, one of the world’s largest whale shark aggregations, began 
in the early 1990s and since 1995, location, sex and length data have been recorded for most 
individuals encountered (Meekan et al. 2006). This industry uses light aircraft to locate the 
sharks in surface waters and to direct vessels into their path so that paying tourists are able to 
swim with the slow-moving sharks (Davis et al. 1997). Whale sharks come to Ningaloo Reef 
from March to June, where they are found in shallow water (< 100 m) along the front of the 
fringing coral reef (Taylor 1996). These continuous records now span a decade, providing a 
large sightings dataset that offers insight into this aggregation’s demography and population 
status. 
 
Based on the anecdotal and catch evidence that the whale shark population has experienced 
(largely unmeasured) exploitation in the Indian Ocean basin (Chen et al. 1997a, Chen & Phipps 
2002), we hypothesised that evidence for over-exploitation would be revealed by an observed 
decline in larger (older) individuals (Stergiou 2002). Previous work using photo-identification 
of 159 known individuals at Ningaloo Reef has provided some support for this hypothesis, 
with an observed increase in the proportion of small (< 6.7 m total length) sharks (Meekan et 
al. 2006). Here we used a much larger and independently collected dataset to test for a 
continuous reduction in average shark size (total length). There are three main mechanisms 
that may drive changes in body size of harvested populations: (1) abiotic factors affecting 
growth and development (e.g., large-scale climate or regime shifts); (2) biotic changes such as 
density-modified growth rates and (3) changes to demography and genetic composition via 
harvesting (Ratner & Lande. 2001). We therefore explicitly examined the form of the decline 
(linear, logistic or quadratic) to test for the presence of a new mean size equilibrium. We 
hypothesised that a rapid, deterministic mortality source of a particular size class (e.g., size-
biased harvest) might induce a gradual decline in mean size followed by a tapering toward a 
new equilibrium size as larger individuals were systematically removed from the population. By 
comparison, sustained linear decline without tapering may indicate a shift by fishers to target 
progressively smaller individuals as larger individuals are depleted from the population (cf. 
Pauly et al. 1998). 
 
A natural corollary of over-exploitation is the prediction that overall abundance of the 
population decreases (Food and Agriculture Organisation of the United Nations 2006); as 
such, we tested the hypothesis that the number of whale sharks seen at Ningaloo Reef has 
changed since monitoring began. This hypothesis is based on previous capture-mark-recapture 
model estimates of survival and matrix projections that inferred long-term decline of whale 
sharks visiting Ningaloo Reef (Bradshaw et al. 2007). Using the large operator-collected 
dataset, we tested the hypothesis of a decline directly using relative abundance data corrected 
for sampling effort and environmental stochasticity because whale shark abundance is known 
to fluctuate annually relative to local oceanographic conditions (Wilson et al. 2001a). 
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Our final aim was to gain insight into the relative contribution of demographic and 
environmental processes driving the population trends. We hypothesised that abundance time 
series from a declining population will demonstrate more support for an exponential model 
describing the relationship between the rate of change and population density compared to a 
stable population fluctuating around carrying capacity (see Brook & Bradshaw 2006). As such, 
we predicted that the exploited whale shark abundance time series will show little support for 
density regulation, and we test this explicitly by contrasting phenomenological density-
dependent and density-independent models applied to the relative abundance time series. 
Although we focus on a single iconic species, our intent is to provide marine conservation 
biologists with a general approach for examining potential causes of decline in long-lived 
marine predators when detailed demographic data are rare and relative abundance time-series 
data are readily available. 
 
6.3.2  Materials and methods 

6.3.2.1  Tourist operator-collected data 

Numbers of whale sharks at Ningaloo Reef peak in the months of April and May (Davis et al. 
1997, Wilson et al. 2001a). Because sighting effort occurs sporadically outside of the peak 
months, our analysis was restricted to the peak period. Tour operators collected information 
on estimated total length (TL, visual estimation from the spotter plane and vessel; 
corroborated by in-water measurements) (Meekan et al. 2006) and sex (via the identification 
of claspers on males) (Taylor 1994a) for each shark observed. Licenses for tourist boat access 
to sharks are restricted by the Western Australian Department of Environment and 
Conservation (WA-DEC). This means that the same vessels tend to operate from year to year 
(Davis et al. 1997). There is however, turnover in crew, which should negate the possibility 
that any observed trends in size distribution are merely the result of year-by-year 
improvement in an operator’s assessment skill and capacity. Supporting this, the same 
observed trends were consistent in data collected by licensees operating only from Coral Bay 
or Tantabiddi > 100 km away (B. M. Fitzpatrick, unpubl. data). Recently, WA-DEC 
implemented a training course that all employees of the whale shark tourism operations are 
required to attend, and records indicate that no single boat skipper, dive master or crew 
member has remained during the entire sample interval. In fact, most employees remain for an 
average of two years only. Additionally, spotting-plane pilots typically provide the first estimate 
of whale shark size, and pilots turnover at a similar rate to boat crews (B. M. Fitzpatrick, 
unpubl. data). 
 
Spotter planes are generally shared between two or more tourist vessels with patrons sharing 
the same shark. Length estimates of the same shark are a combined effort between a plane 
pilot, one or more boat skippers, and in-water shark spotters, all with varying experience. 
Such repeat observations of the same shark were identified in different ship logs and removed 
from the dataset. Length estimates of surfaced sharks are typically made by pilots and 
corroborated by comparison to known-length vessels in the water; further validation is 
provided by in-water measurements compared to known-length snorkelers. Length 
measurements are only entered into the database once pilots and multiple operators agree. As 
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quantified corroboration, direct in-water measurements of sharks compared favourably to 
pilot and vessel-operator estimates of total length (Norman 1999). 
 
There is little evidence that the presence of snorkelers influences whale shark behaviour. The 
interaction of tourists and vessels with sharks is tightly controlled by a code of conduct 
enforced by DEC (Davis et al. 1997). This ensures that patrons do not approach within 3 m of 
the shark while snorkelling, and vessels must remain a minimum of 30 m from the shark for a 
maximum of 90 minutes (Davis et al. 1997). Studies of whale sharks at Ningaloo Reef could 
find no detectable changes in behaviour of sharks in the presence of snorkelers (Norman 
1999) that might bias our results. 
 

6.3.2.2  Reduction in total length over time 

To test the hypothesis of a continuous decline in mean shark size and to examine the form of 
this trend, four linear and nonlinear models of mean annual TL (over all individuals for which a 
TL estimate was made) against year were contrasted. Models represented four hypotheses: 
(1) no temporal trend (intercept: TL ~ 1), (2) linear decline (linear: TL ~ year), (3) curvilinear 

decline (quadratic: TL ~ year + year2), and (4) sigmoidal decline (logistic: yeareba ⋅~TL , 
where a and b are constants). Non-linear models were used in addition to linear models 
because distinct processes affecting mean size in a population may introduce different trends 
in size over time (see Introduction). 
 
We used Akaike’s Information Criterion corrected for small sample size (AICc) as an index of 
Kullback-Leibler (K-L) information loss to assign relative strengths of evidence to the different 
competing models (Burnham & Anderson 2002). One could also employ other methods to 
compare models such as the dimension-consistent Bayesian Information Criterion (BIC); 
however, BIC may only be preferable when sample sizes are approximately ≥ 20 data per 
parameter estimate (Burnham & Anderson 2002, Link & Barker 2006). The relative likelihoods 
of candidate models were calculated using AICc (Burnham & Anderson 2002), with the weight 
(wAICc) of any particular model varying from 0 (no support) to 1 (complete support) relative 
to the entire model set. For each model considered, we also calculated the percentage 
deviance explained (%DE) as a measure of goodness-of-fit. Information-theoretic evidence 
ratios (ER, an index of the likelihood of one model over another, calculated as the wAICc of 
one model ÷ wAICc of another model) (Burnham & Anderson 2002) were used to contrast 
specific model pairs. 
 
The above analysis only examines the trend in mean total length over time. To incorporate 
uncertainty due to year, month and vessel into the test for a decline in mean total length, we 
also applied a series of five a priori general linear models (GLM) with Gaussian error 
distributions and identity link functions, where individual TL was set as the response and the 
terms year/month were treated as a nested term and individual factors made up the various 
model combinations. The term month was included in some models to account for possible 
phenology changes (e.g., temporal changes arrival patterns during the peak season) that may 
vary with strength of the El Niño-Southern Oscillation events each year (Wilson et al. 2001a, 
and see below). We also considered a second set of models replacing month with day of year 
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as a covariate to investigate whether more variance in total length could be explained. Models 
were contrasted using the Bayesian Information Criterion (BIC) given the large sample size (n 
= 1814) and our desire to distinguish main from tapering effects (Burnham & Anderson 2002, 
Link & Barker 2006). We also considered a second set of 8 models that included the sex effect 
(with a reduced overall sample size given that not all individuals could be sexed reliably; n = 
1333). To test further the hypothesis that systematic changes in observers may have biased 
observed size trends, we constructed a series of linear mixed-effects models (GLMM) using 
the lmer command in the lme4 library of the R Package (R Core Development Team 2004), 
coding year as a fixed covariate and vessel as a random factor. 
 

6.3.2.3  Relative shark abundance and climate variation 

Relative shark abundance was calculated by summing the total number of sharks seen for the 
months of April and May and dividing these values by the total search time for all observing 
vessels for these two months over each year of the study (SPUE = sightings per unit effort). 
The monthly interval was chosen to match available environmental data for sightability bias 
correction (see below). Search time was calculated only over the peak interval and not the 
entire year. The database was corrected so that a shark was only recorded once per day even 
though it may have been sighted by several tourist operators during that day. The majority of 
this ‘effort’ (> 90 %) is devoted to searching for sharks rather than transiting to one once it 
has been identified by another vessel. There is therefore little chance that extra time spent 
transiting between a single shark visited by several vessels would impart any important bias to 
indices of search effort. However, it was still possible that the same shark was seen on 
subsequent days (i.e., individual sharks were not marked). Tagged whale sharks remain near 
the Ningaloo coast for several weeks after tagging (Wilson et al. 2006), so repeated sampling 
of some sharks was probable. However, this problem is unlikely to affect overall size and 
abundance trends unless there was some systematic change in residence times that we could 
not record. Furthermore, given that individual sharks are unlikely to remain at Ningaloo Reef 
for more than a few weeks (at most), monthly comparisons of relative abundance should 
account for gross changes in abundance more appropriately than examining the trends at finer 
temporal scales. 
 
Climate variation is thought to affect whale shark relative abundance at Ningaloo Reef (Wilson 
et al. 2001a). Critically, however, the relationship between whale shark abundance and El 
Niño-Southern Oscillation (ENSO) variation established by Wilson et al. (2001a) did not 
correct relative abundance estimates for variation in search effort. The oceanography around 
Ningaloo Reef is dominated by the Leeuwin Current (LC), which forms from the Indonesian 
Through-Flow system to the north (Morrow & Birol 1998). The LC flows south along the 
shelf break bringing warm, nutrient-poor water to the coast of Western Australia (Pearce & 
Griffiths 1991). Between the LC and the coast, cooler water upwells from depth to form the 
Ningaloo Current, which flows along the edge of Ningaloo Reef towards the north (Morrow 
& Birol 1998). The relative strengths of these current systems are strongly influenced by El 
Niño-Southern Oscillation (ENSO) events (Pearce & Phillips 1988). During El Niño years, the 
LC is weak and water temperatures along the coast of Western Australia are relatively cool, 
while in La Niña years the current is stronger and water temperatures are higher. This 
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variability in current flow is known to influence recruitment to many commercial fisheries in 
Western Australia (Lenanton et al. 1991, Caputi et al. 1996). 
 
To correct the relative abundance data (sightings per unit effort – SPUE) for this annual 
climate variation, we used maximum likelihood estimation (MLE) to fit a linear regression 
between mean SPUE to the mean April and May Southern Oscillation Index (SOI) (calculated 
from a two-month running mean smoother). We then detrended the SPUE time series based 
on this relationship (subtracting fitted values from observed SPUE). Temporal comparisons of 
detrended SPUE assume, of course, that SPUE reflects relative changes in total abundance. 
 
Photo-identification data of 159 known individuals suggest that that whale sharks at Ningaloo 
Reef have changed in age/size composition since monitoring began (Meekan et al. 2006). To 
expand on this preliminary work and to test the hypothesis with the much larger tourist 
operator dataset, we examined the SOI-detrended SPUE trends for four size-sex classes based 
on the median TL (6 m) observed over all sharks: small (< 6 m) or large (≥ 6 m), and male or 
female (median TL was not calculated for each sex separately due to the weak sex effect; see 
Results). We deliberately avoided using a putative size at maturity as the threshold for dividing 
‘small’ and ‘large’ sharks, given the uncertainty associated with this value (Bradshaw et al. 
2007). Our aim here was primarily to ensure representative samples in each size category, to 
test the hypothesis that different size categories of whale sharks (based on the median 
threshold) demonstrate different temporal trends in abundance. 
 

6.3.2.4  Evidence of intrinsic and extrinsic control in SPUE rate of change 

In addition to testing for a decline in the raw temporal trends in SOI-detrended SPUE, we 
examined the relative evidence for intrinsic (including both births and temporary immigration) 
and extrinsic (e.g., deterministic drivers such as over-harvest) control of the detrended 
relative abundance data. Our hypothesis in this case was that evidence for an exogenous (i.e., 
environmental or anthropogenic) driver of the decline, as revealed by the SPUE data, would 
be supported if density-independent models of the relationship between population rate of 
change (r) and relative abundance (SPUE) had stronger information-theoretic evidence than 
density-dependent models (an approach used for many other taxa to determine the relative 
contribution of extrinsic versus intrinsic control of population size - de Little et al. 2007, 
Chamaillé-Jammes et al. 2008, Yang et al. 2008). This hypothesis is based on the assumption 
that deterministic declines caused by harvest do not fluctuate with respect to stock density; 
this a fundamental tenet of fisheries management based on catch-per-unit-effort (CPUE) data 
(Walters 1995, Walters & Martell 2004, but see also Maunder et al. 2006 for the limitations of 
CPUE data interpretation). 
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We adopted a multiple-working hypotheses approach based on information-theoretic multi-
model inference (Burnham & Anderson 2002) by applying two variants of the generalised θ-
logistic population growth model (Turchin 2003) to the detrended SPUE series (averaged by 
year): (1) Gompertz-logistic growth – 
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where SPUEt = SOI-detrended relative abundance time t, r = realised population growth rate, 
rm = maximal intrinsic population growth rate, K = carrying capacity, θ is a shape parameter 
set to 1, and εt has a mean of zero and a variance (�2) that reflects environmental variability 
in r; and (2) exponential growth (where � = -∞, and rm and � are estimated). 
 
We used MLE to fit model parameters via linear regression, and models were contrasted using 
AICc as described above. All detrended SPUE were first standardised according to the 
expression ( ))(max. yabsyy 11+=′  to remove negative values that can be problematic for 
ML estimation. 
 

6.3.3  Results 

A total of 4436 sightings provided 2411 unique (per day) sightings of whale sharks from 1995 
to 2004, of which 1333 records had estimates of TL and sex. The overall length-frequency 
distribution showed was moderately right-skewed (Fig. 6.8A) as is expected for a largely 
juvenile aggregation (Meekan et al. 2006, Bradshaw et al. 2007). Comparing the length-
frequency distribution from 1995-1996 (Fig. 6.8B) to that from 2003-2004 (Fig. 6.8C) shows a 
marked shift of the frequency distribution to one dominated by smaller (< 6 m TL) individuals 
with few large representatives (Fig. 6.8C). 
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Figure 6.8. Estimated total length (TL in m) distribution for whale sharks seen at Ningaloo from A. 1995-
2004, B. only 1995-1996 and C. only 2003-2004. There is a noticeable loss of larger individuals in the 
more recent distribution. 
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This can also be shown as a temporal trend; the annual mean estimates of TL showed a strong 
linear decline with year, explaining over 91 % of the deviance (%DE) (Table 6.4; Fig. 6.9). In 
1995, whale sharks averaged 7.0 m TL (95 % 10000 iterations bootstrapped confidence 
interval: 6.5 – 7.4 m), but by 2004, sharks averaged only 5.4 m (5.2 – 5.6 m; Fig. 6.9). There 
was moderate support for the logistic model (Akaike’s Information Criterion weigh [wAICc] = 
0.20); however, the increase in %DE using the logistic against the linear was minor (< 3 %; 
Table 6.4). This implies that the decline is being driven by the faster disappearance of the 
remaining largest individuals – a result consistent with hypothesis that an anthropogenic 
source of mortality is driving the decline. 
 
 

Table 6.4.  Four models applied to the relationship between mean total length (TL) and 
year for whale sharks from Ningaloo Reef between 1995 and 2004. Models are ranked 
according to Akaike’s Information Criterion corrected for small sample size (AICc). Shown 
for each model are the number of parameters (k), the maximum log-likelihood (LL), the 
difference in AICc for each model from the top-ranked model (ΔAICc), AICc weight 
(wAICc), and the percent deviance explained (%DE) in the response variable (TL). 

Model k LL ΔAICc wAICc %DE 

      linear 3 3.49 0.00 0.71 91.49 

logistic 3 2.20 2.57 0.20 89.00 

quadratic 4 4.53 3.93 0.09 93.08 

intercept 1 -8.83 20.35 < 0.01 0.00 
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Figure 6.9. Mean length (± 95 % bootstrapped confidence intervals based on 10 000 iterations to account 
for non-normal data in some years) of all whale sharks observed at Ningaloo Reef from 1995 – 2004. 
Information-theoretic model rankings indicated highest support for a linear decline (LIN) against the 
quadratic (QUAD) and logistic (LOGI) models. Relative to any of these models of decline, the intercept 
model (INT), characterising a stable population, had no support. 
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Using all data (i.e., not just annual means), we found strong support for a nested year/month 
effect on TL, but nearly no support for a month effect alone on %DE (Table 6.5). Including the 
sex term in the reduced dataset improved model fit slightly (Table 6.5), but the relatively small 
improvement in the % deviance explained (1.8 %) suggested that its effect was negligible (i.e., 
no major size differences between males and females). 
 
 

Table 6.5. Comparison of general linear models (GLM) examining the relationship between total length 
(TL) and temporal variables for whale sharks at Ningaloo Reef from 1995 – 2004. A. TL versus year and 
month, and B. Five top-ranked GLMs examining the relationship between year, month and sex and TL. 
Models are ranked according to the Bayesian Information Criterion (BIC). Shown for each model are the 
number of parameters (k), the maximum log-likelihood (LL), the difference in BIC for each model from the 
top-ranked model (ΔBIC), BIC weight (wBIC), and the percent deviance explained (%DE) in the response 
variable (TL). 
Model k LL ΔBIC wBIC %DE 

      A. Year & month only      

TL ~ year/month 4 -3646.06 0.00 0.72 9.99 

TL ~ year 3 -3650.87 2.12 0.25 9.51 

TL ~ 1 2 -3741.51 175.90 < 0.01 0.00 

TL ~ month 3 -3741.47 183.32 < 0.01 < 0.01 

      B. Year, month & sex      

TL ~ sex + year 4 -2676.01 0.00 0.51 11.33 

TL ~ sex + year/month 5 -2672.44 0.07 0.49 11.80 

TL ~ sex + year/month + year/month*sex 7 -2671.63 12.84 < 0.01 11.91 

TL ~ year 3 -2686.35 13.49 < 0.01 9.94 

TL ~ sex 3 -2749.52 139.83 < 0.01 0.99 
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Replacing the month factor for the day of year covariate changed the model rankings only 
marginally and overall %DE was similar (Table 6.6). The linear mixed-effects models (GLMMs) 
used to account for potential trends within vessels demonstrated that the model TL ~ 
year/month remained the most highly ranked (wBIC = 0.58), indicating a decline in TL even 
after accounting for any observer bias (i.e., bias accounted for by partitioning the variance 
among vessels in the random effect). 
 

Table 6.6.  Comparison of general linear models (GLM) examining the relationship between total length 
(TL) and temporal variables for whale sharks at Ningaloo Reef from 1995 – 2004. A. TL versus year and 
day of year (doy), and B. Five top-ranked GLMs examining the relationship between year, doy and sex 
and TL. Models are ranked according to the Bayesian Information Criterion (BIC). Shown for each model 
are the number of parameters (k), the maximum log-likelihood (LL), the difference in BIC for each model 
from the top-ranked model (ΔBIC), BIC weight (wBIC), and the percent deviance explained (%DE) in the 
response variable (TL). 

Model k LL ΔBIC wBIC %DE 

A. Year & day-of-year only      

TL ~ year 3 -3650.87 0.00 0.74 9.51 

TL ~ year/doy 4 -3648.18 2.12 0.26 9.78 

TL ~ 1 2 -3741.51 173.78 < 0.01 0.00 

TL ~ doy 3 -3740.55 179.35 < 0.01 0.11 

      B. Year, day-of-year & sex      

TL ~ sex + year 4 -2676.01 0.00 0.91 11.33 

TL ~ sex + year/doy 5 -2674.69 4.56 0.09 11.51 

TL ~ sex + year/doy + year/doy*sex 7 -2671.90 13.37 < 0.01 11.87 

TL ~ year 3 -2686.35 13.49 < 0.01 9.94 

TL ~ sex 3 -2749.52 139.83 < 0.01 0.99 

 
 
Total numbers of sharks observed from year to year varied by nearly an order of magnitude, 
with peaks in the 1996 and 2002 seasons, and lows in 1998 (Fig. 6.10A). Search effort (number 
of search hours by vessels) was also variable (Fig. 6.10A) and tended to increase through time. 
The sightings per unit effort (SPUE) appeared to decline through time, albeit with substantial 
annual variation (Fig. 6.10B). The relationship between SPUE and the SOI was strongly 
supported (AICc evidence ratio [ER] = 10.6; R2 = 0.28; Fig. 6.10D), such that during years 
characterised by cooler El Niño events (low SOI; Fig. 6.10C), relatively fewer sharks were 
seen by tourist operators. This provides clarity on the earlier work demonstrating a possible 
relationship between whale shark abundance and ENSO-related climatic variation (Wilson et 
al. 2001b). SOI-detrended SPUE for all sharks combined demonstrated a gradual decline from 
1995 to 2004 (ER = 2.4; R2 = 0.16) – tourist operators saw approximately 40 % fewer sharks 
per hour of searching in 2004 than in 1995. This population-level result confirms life-history 
based predictions of decline at Ningaloo Reef (Bradshaw et al. 2007). 
 



Population monitoring protocols for whale shark 

 153 

 

Figure 6.10. A. Total number of sharks seen at Ningaloo Reef in April and May from 1995 – 2004 after 
removing individuals seen more than once per day, and total vessel search time (hours) as an index of 
effort; B. Relative abundance corrected for effort (sightings per unit effort = SPUE); C. Monthly and two-
monthly running mean of the Southern Oscillation Index (SOI) from 1995 – 2004. High positive values are 
indicative of La Niña conditions, whereas low negative values signal El Niño events; D. Linear relationship 
between the two-monthly running mean of SOI and log SPUE for all individuals combined (information-
theoretic evidence ratio [ER] = 10.6 times more support than the no-change model; R2 = 0.28). 
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There was no discernable reduction in SOI-detrended SPUE for small individuals (small males: 
ER = 0.4; R2 < 0.01; small females: ER = 0.3; R2 < 0.01; Fig. 6.11A, C), but both large male (ER 
= 6.0; R2 = 0.25; Fig. 6.11B) and large female (ER = 39.8; R2 = 0.38; Fig. 6.11D) SPUE declined 
substantially over the study interval, suggesting that the overall decline is driven mainly by a 
loss of larger individuals rather than a change in the number of smaller individuals (cf. Figures 
6.8 and 6.9). 
 
 

 

Figure 6.11. Southern Oscillation Index (SOI)-detrended whale shark sightings per unit effort (SPUE) for 
A. small (< 6 m total length) males (evidence ratio [ER] = 0.4; R2 < 0.01), B. large (≥ 6 m TL) males (ER = 
6.0; R2 = 0.25), C. small females (ER = 0.3; R2 < 0.01) and D. large females (ER = 39.8; R2 = 0.38). 
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The relative contribution of intrinsic versus extrinsic control in the various age-sex classes 
provides insight into the possible mechanisms driving the observed decline. For all individuals 

combined ( 015.0−=r , 24.0ˆ 2 =σ ), the Gompertz-logistic (GL) versus exponential (EX) 
model ranking was equivocal (little support for the GL versus EX models: ER = 1.2; Table 6.7; 

and mean r and estimated variance were 08.0−=r , 27.0ˆ 2 =σ , respectively); however, 
there was moderate support for a density-dependent GL relationship (ER = 2.7; Table 6.7) for 
large males (Fig. 6.12), suggesting a possible negative feedback control. Large female SPUE had 
higher relative support for the EX model (ER = 2.8; Table 6.7), reinforcing the hypothesis of a 

deterministic reduction ( 03.0−=r , 16.0ˆ 2 =σ ) in the large breeding females. 
 

Table 6.7.  Comparison of two population dynamical models (Gompertz-logistic and exponential) describing 
the relationship between rate of change in Southern Oscillation Index (SOI)-detrended whale shark sightings 
per unit effort (SPUE) for A. All individuals combined, B. large (≥ 6 m total length) males only and C. large 
females only. Models are ranked according to Akaike’s Information Criterion corrected for small sample size 
(AICc). Shown for each model are the number of parameters (k), the maximum log-likelihood (LL), the 
difference in AICc for each model from the top-ranked model (ΔAICc), and AICc weight (wAICc). 

Model k LL ΔAICc wAICc 

     
A. All individuals     

Gompertz 3 -3.75 0.00 0.54 

exponential 2 -6.31 0.31 0.46 

B. Large males only     

Gompertz 3 -2.43 0.00 0.73 

exponential 2 -5.81 1.97 0.27 

C. Large females only     

exponential 2 -3.88 0.00 0.74 

Gompertz 3 -2.51 2.06 0.26 
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Figure 6.12.  A. SOI-detrended SPUE versus year for all individuals combined, large (≥ 6 m total length) 
males only, and large females only; B. SOI-detrended SPUE rate of change and standardised SPUE 
according to the Gompertz-logistic (GL) and exponential (EX) dynamical models; C. The same relationship for 
large males only; D. The same relationship for large females only. Model results are presented in Table 6.6. 

 

 
6.3.4  Discussion 

Our results are derived from one of the largest-ever databases compiled for whale sharks. 
They provide empirical confirmation at the population level of the vital rate predictions of 
Bradshaw et al. (2007), who argued that apparent survival probability combined with plausible 
reproductive rates predict a declining population. While it is possible that the observed trends 
in mean size and relative abundance could be driven by permanent emigration of larger 
animals away from Ningaloo rather than an increased mortality rate, photo-identification data 
suggest that the Ningaloo aggregation is comprised of mainly non-transient individuals 
(Bradshaw et al. 2007). In other words, individuals residing at Ningaloo for a few weeks or 
months per year return regularly over time, at least at the decadal scale. This supports the 
conclusion that current survival rates are insufficient to maintain population stability or 
increase (Meekan et al. 2006). 
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The pronounced linear reduction in mean size we report here provides a robust empirical 
confirmation of previous results (based on a much reduced sample) that larger individuals are 
being lost from the Ningaloo Reef aggregation (Meekan et al. 2006). The rapid reduction in 
mean size we observed over a decade and the greater support for a linear model without 
tapering support the hypothesis of a rapid, deterministic mortality source such as harvesting. 
The latter evidence for exponential decline does also rely to some extent on the degree of 
measurement error associated with the SPUE time series. However, high measurement 
(observation) error tends to overinflate the evidence for density-feedback models (Brook & 
Bradshaw 2006), so the support of the exponential model suggests any possible bias was low. 
Another potential source of error is that trending populations can mask some of the evidence 
for endogenous mechanisms (Strong 1986), especially if the time series does not represent a 
large variation in densities (Speed et al. 2008). However, none of the SPUE declines measured 
were precipitous ( r varied from -0.015 to -0.03 for large males and females, respectively), so 
we expect little undue bias. Although alternative hypotheses such as an increase in ship-strike 
(Bradshaw et al. 2007) or entanglement rates, genetic changes and re-equilibration of 
population density to shifting climate patterns, cannot be rejected given the relatively short 
time series available, the long generation time of whale sharks (> 14 years; Speed et al. 2008) 
suggests that genetic and abiotic factors would likely drive much more gradual body size 
trends than the one we observed over a single decade. Furthermore, recent evidence that the 
incidence of scarring in whale sharks does not correlate well with relative mortality rates 
(Davis et al. 1997) suggests that non-targeted sources of anthropogenic morality are unlikely 
to account for the large changes observed. 
 
In Australia, whale sharks are protected by government legislation and are not fished or 
caught incidentally (Eckert et al. 2002, Wilson et al. 2006, Bradshaw et al. 2007, Castro et al. 
2007). However, satellite tracking and genetic data have shown that this species has a 
propensity to migrate large distances (i.e., in the order of 1000s of kilometres; IUCN-SSC 
Shark Specialist Group 2002), implying that the geographical range of Ningaloo whale sharks is 
large and potentially encompasses much of Southeast Asia and the Indian Ocean. These lines 
of evidence – decline in relative abundance driven mainly by the disappearance of large 
individuals in less than a single whale shark generation, lack of evidence for a re-equilibration 
in mean body size, and long-distance migratory capacity – all lend support to the view that 
unsustainable mortality sources are occurring outside of Australian’s jurisdiction. The most 
likely candidate is the whale shark fishery of Southeast Asia (Chen & Phipps 2002). The 
commercial harvest of whale sharks principally supplies markets in Taiwan, where fins 
(preferably from large individuals) are used for soup and the flesh is sold for human 
consumption (Chen et al. 1997a, Pravin 2000). Demand has driven increased fishing effort at 
aggregation sites throughout the Indian Ocean and Asia (Fowler 2000), although Taiwan 
recently announced its decision to halt commercial harvest of the species. Although many 
countries now have prohibited or reduced commercial harvest in recent years, there is little 
enforcement of regulation and it seems likely that considerable illegal and legal exploitation of 
whale sharks still continues throughout much of Asia (Ricker 1981, Pauly et al. 1998, Stokes & 
Law 2000, Tenhumberg et al. 2004). 
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6.3.5  Conclusions and conservation remarks 

Our hypothesis that the trend observed is driven largely by over-harvesting throughout the 
species’ range within Southeast Asia and the Indian Ocean is also consistent with declines in 
abundance and change in the size composition of other exploited animal populations 
worldwide (Gerrodette 1987). The support for the alternative the hypothesis, that the decline 
results from an ocean-wide regime shift or climate change, is comparatively weak. Indeed, the 
long time series (relative to generation length) normally required to detect subtle changes in 
population trends (Bradshaw et al. 2007) leads us to conclude that the mechanisms driving the 
observed decline in whale sharks are particularly pronounced. The recent cessation of one of 
the last remaining commercial harvests of whale sharks in Taiwan will most likely increase the 
average survival probability of whale sharks in the region; however, it is unlikely that the 
benefits of this shift in policy will be manifested in whale shark abundance patterns for some 
time given the relatively slow vital rates of this large species (Bradshaw et al. 2007) and 
unquantified illegal and artisanal harvests elsewhere. We predict, therefore, that the 
downward trend in relative abundance and mean body size will continue for the foreseeable 
future. 
 
Given the higher statistical likelihood that exploitation, rather than natural climate cycles, is 
the principal driver of the decline in abundance and body size of the world’s largest fish, the 
precautionary principle argues for the adoption of more proactive and internationally directed 
conservation efforts. Although whale sharks are entirely protected in Australian waters, the 
seasonal outward migration of the Ningaloo population outside of Australian jurisdiction 
demonstrates that the observed population trend cannot be reversed by protection in only 
isolated parts of the species’ range. Conservation of whale sharks will require international 
collaboration to reduce overall fishing mortality, potentially at the scale of entire ocean basins, 
and more tagging studies to identify migration pathways will be a vital part of this effort. 
Continued monitoring of relative abundance patterns, body size distributions and demographic 
parameters via capture-mark-recapture studies at all major aggregation sites are also 
important components of an ocean-wide approach to manage this species. 
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7.  CONCLUSIONS AND RECOMMENDATIONS 

The limited knowledge and fragile status of whale sharks necessitates the monitoring of 
populations with a variety of techniques to ensure that information pertinent to their survival 
is collected reliably and accurately. Current methods of observation are providing valuable 
information on the biology and ecology of whale sharks, which is essential for estimating 
population demographics. These studies then act as the scientific underpinning for informed 
and effective management strategies. 
 
Of available techniques, mark-recapture analysis based on photo-identification is possibly the 
simplest and most reliable means of collecting extensive demographic data for population 
monitoring. We have developed an information-theoretic validation technique that can be 
used with open-source software (I3S) to reliably match images from large databases. With aid 
of this software we analysed a 12-year photographic identification library of whale sharks from 
Ningaloo Reef and modelled survival. Assuming relatively slow vital rates (α = 25 and biennial 
reproduction), size-biased survival probabilities suggest the Ningaloo Reef population of whale 
sharks is declining.  Furthermore, analysis of ecotourism records shows that mean shark 
length declined linearly by nearly 2.0 m and relative abundance measured from ecotourism 
sightings (corrected for variation in search effort and environmental stochasticity) has fallen by 
approximately 40 % over the last decade. This population-level result confirms the predictions 
of population decline based on projection models parameterised using mark-recapture 
estimates of survival. 
 
The majority of the decline of whale sharks at Ningaloo is driven by reductions in the number 
of large individuals in the population, probably due to unsustainable mortality such as over-
fishing in other parts of the range. Given this problem, we interrogated the photo-
identification data bases focusing on potential threats to this species. We recorded scars on 
whale sharks in three Indian Ocean aggregations (Australia, Seychelles and Mozambique), and 
examined whether scarring (mostly attributed to boat strikes and predator attacks) influences 
apparent survival rates. Scarring was most prevalent in the Seychelles aggregation (67 % of 
individuals). Predator bites were the most frequent source of scaring (aside from minor nicks 
and abrasions) and 27 % of individuals had scars consistent with predator attacks. A similar 
proportion of sharks had blunt trauma, laceration and amputation scars, the majority of which 
appeared to be caused by ship strike. Predator bites were more common (44 % of individuals) 
and scars from ship collisions were less common at Ningaloo Reef than at the other two 
locations. We found no evidence for an effect of scarring on apparent survival for the 
Ningaloo or Seychelles populations. We conclude that while scarring from natural predators 
and smaller vessels appears to be unrelated to whale shark survival, the effects of deaths 
related to ship strike need to be quantified to assist in future management. 
 
Reductions in whale shark populations have occurred despite the total protection of whale 
sharks in Australian waters. As this species is highly migratory, the rapid change in population 
composition over a decade (< 1 whale shark generation) supports the hypothesis of 
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unsustainable mortality in other parts of their range (e.g., overfishing), rather than the 
alternative of long-term abiotic or biotic shifts in the environment. A central goal of scientific 
research on this species must therefore be to describe migratory pathways of whale sharks 
that participate in the aggregation at Ningaloo Reef. 
 
Long distance migrations of sharks from Ningaloo were recorded by Splash tags in 2005, 2006 
and 2007. In 2005, one animal was tracked from Ningaloo to the Indian Ocean in the vicinity 
of the longitude of Sir Lanka. A second animal travelled from Ningaloo to the Indonesian 
Archipelago and spent some weeks in Indonesian coastal waters. A third animal travelled from 
Ningaloo along the edge of the continental shelf to Indonesian islands to the east of Timor.   
These tracks show that the Ningaloo population of sharks is part of a wider Indian Ocean 
stock that is likely to encompass much of the south eastern Indian Ocean and the waters of 
South East Asia. 
 
Despite the vital information obtained above, satellite tagging does have drawbacks. Despite 
design modifications, we have not been able to deploy tags on whale sharks for more than 6 
months. This period is too short to reveal the entire extent of migratory pathways; this might 
require tag retention on animals for 12-24 months. One means to circumvent the problem of 
tag retention would be to tag animals at remote localities such as Christmas Island or at Roti 
Island in Indonesia that our work has shown are visited by whale sharks that are part of the 
Ningaloo aggregation. In this way, return migrations to Ningaloo could be tracked, possibly 
closing the migratory loop. This should be a key aim of future tagging work. 
 
Ongoing work that uses photo-identification libraries to compare the extent of interchange 
among major whale shark aggregations in the Indian Ocean is also essential. At present we are 
in the process of comparing libraries from Ningaloo Reef and Tofo Beach in Mozambique and 
Mahe Island, Seychelles. These represent the approximate eastern- and western-most extent 
of the distribution of whale sharks within the Indian Ocean and provide the best possible 
opportunity for differentiating putative stocks in whale sharks on a regional scale. It is 
important to note however, that such comparisons show only if sharks travel among these 
localities; they do not reveal the migratory pathway used by the shark to arrive at these 
destinations. This is important since sharks may have ventured into waters where they were 
at risk of fishing while on route. 
 
Genetic information confirms the long-distance dispersal of whale sharks. The absence of 
population structure across the Indian and Pacific oceans indicates that oceanic expanses and 
land barriers in Southeast Asia are not impediments to whale sharks. There is however, 
significant population structure between the Atlantic and Indo-Pacific ocean basins. The 
development of microsatellite markers by our project will allow the genetics of whale sharks 
to now be studied in far greater detail. 
 
The global pattern of shared haplotypes in whale sharks, long distance patterns of dispersal 
and declines in abundance of sharks at Ningaloo despite their complete protection in 
Australian waters are compelling arguments for development of broad international 
approaches for management and conservation of whale sharks. 
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We recommend that: 
 

 Biopsy sampling continue at Ningaloo and commence at other localities in the Indian 
Ocean to provide a more detailed picture of gene flow among whale shark populations in 
the region 

 DEC continue to collate and supply images from researchers and ecotourism operators 
at Ningaloo to increase the size of photo-identification libraries 

 DEC allows access to ecotourism logbooks (post-2004) for researchers so that historical 
records of sightings of whale sharks can be updated and reanalysed and the alarming 
patterns of decline in size and abundance of sharks at Ningaloo can be more closely 
monitored 

 Satellite tagging studies should be extended to nearby localities such as Christmas Island 
and Indonesia so that migratory pathways can be fully described 

 DEWHA encourage the collaboration of research groups in the Indian Ocean region so 
that photo-libraries can be pooled and the extent of interchange among populations can 
be assessed. 

 DEWHA support studies that seek to assess the extent of harvesting of whale sharks in 
Southeast Asia, particularly in eastern Indonesia. 

 The Australian Government support initiatives by any country to protect and reduce 
human impacts on whale sharks throughout their range 
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APPENDIX 1 

Microsatellites (pink) and primers (yellow) for whale sharks sampled at Ningaloo Reef in April-
May of 2006 and 2007. 
 
Whale Shark A101 
Primer Pair # 5   Product Length:  207   Topt: 56.6   
Forward: Tm: 56.0  5'-AAA-AAT-TGA-CGA-CTC-AAC-AGT-C-'3 
Reverse: Tm: 55.3  5'-AAA-TGA-TTA-CTG-GCC-TGT-AGA-G-'3 
AAAAAAGGTTNTTAACCAAAGTTTTACAACTGTCAGGAATATTCAGATGACAAGTTTTCTTGNTTAGTTT
AAAAAAAATTGACGACTCAACAGTCAAAGATATATGCAACTACACCCCGTCTCTCTCTCTCTCACACACA
CACACACACACACACAAACACACAAAGGAAATATTGTATTTATAGGAGTAGCATGCTGTTTTTATCATTT
AAGATTTCAAGAATACTTTGTTGCATGTGCCTTTCTTTGGGTTGAAGACTCTACAGGCCAGTAATCATTT
TCTTCTTGGTCTTCAATGGAAAGAGCCAGGAGTTTTAGGAACATGTATTCACTGTTTTATGTTTGCTGCA
AGAAATTCTTTGAATGGTCCACACCAATTAAGGTGCAATAGAGAAGCCCAAATGCAAAGTCCCAGTACAG
TTCCTCAGGTAGAGAGATCAAAGTCAACCTAAGTCCCTGCCTACTGTTTTTCTCTATGGCAGGGTGCTTT
TGCCTTACAGTTTCACATGTTTCTGATCTATATGCTCCAGTAATACAATGATTAAATCTTCTGATGAGAA
ANCTTGGTTTGATCATGTGANCAGANCATCTCTTTCCATTATCTTCCTAAATAN 
 
Sequence : Whale Shark A102 
Primer Pair # 7   Product Length:  192   Topt: 56.4   
Forward: Tm: 55.6  5'-CCT-TTA-CCA-AGT-CCC-ACT-G-'3 
Reverse: Tm: 55.1  5'-GCC-GAA-TCT-ATT-AGC-GTT-C-'3 
CTCCCTAAGGAGTTGTAATTATTACTATCATGCAATAAATCTTATTATAATCTAAGAACAGTGTCTCTAA
GTGGTATATATTTTACTACCAGACACTAGATAGGCCCAAGACAAAGCAAGGATGAAGGCAGGTTAGTCGC
AGCAAACAACCTTTACCAAGTCCCACTGGTACAAGGCAAATACCAAAAGATGTAAGCAATAGTCATCTGG
GGAAGTACCACAAAACGCACACACACACACACACACACACACCTGTTGCAAGTTGTTCAGGGCTGGGTGA
CTACTGTAGCAATCTTCGATATTACATTGTCACAAGTAAAATGAACGCTAATAGATTCGGCCCAGTCCTA
GTAGGGATTGCCGCTCCAAATTCACACAACTACAGAATTACAGAAATAGTGAAGCTATAACAATGGGACG
TGGTGAGAAACAATTCTTCTTTGAAT 
 
Sequence : Whale Shark A104 
Primer Pair # 6   Product Length:  310   Topt: 58.1   
Forward: Tm: 58.6  5'-CGG-AAG-GGT-TGA-TCT-AAA-GG-'3 
Reverse: Tm: 57.7  5'-TGA-TCT-GAT-CCC-AGT-TAC-ACT-G-'3 
CTGGGTTTTTGATGCCTTTCCTGTGACTTTGCTGCATGCTGTGTCTTTGCGATGGGCCGGAAGGGTTGAT
CTAAAGGGGATCTTGACATGTGCGCGTGCACACACACACACAATCACGTGCGCACACAGATACACAATAC
CGCTCACAGACACACACACACACGTGCACGATTGAGCAGACACACACATACTCACACAGACACAACACAC
ACACACACACACACACACAATCATGTGCGCACACAGATACACAATACCGCTCACAGACACACACATGTGC
ACGATTGAACAGACACACACATACTCACACACACACACCCACACACACACACACACACACGTGCACAGTG
TAACTGGGATCAGATCAATCCATTTCTTTTTGGAAGGTGAAGGACAGTCCTTTCAGTTACCCTGCTCCTG
TCCCCTGGGGGAAGAAGGACACAGTTGAAATTTTTGCCCCTCGGAACCCCCTCCTTGCCTCTGCTCGACA
TTTTCTTTGAAACCAAAAGGGAATATGAAATCTACTAAACATTAAGTTTGTCTGGAGAATGCGCATTGCT
AGA 
 
Sequence : Whale Shark A105 
Primer Pair # 1   Product Length:  359   Topt: 56.6   
Forward: Tm: 53.0  5'-TGT-AGG-CTG-TAC-TGA-CAG-AAC-'3 
Reverse: Tm: 52.2  5'-CAC-AAT-GTG-GTA-ATG-AGT-TG-'3 
ANAATATNTTCTCTCCCATACTTCCTGTTTGTTACTACTTGTTTCCAGTNTTAGATTGTTTTTTCTTCAA
TTGACCACATGTAGGCTGTACTGACAGAACATACAGAATGGTTAACACACACATGTACAGACAGACAGAC
AGACACACACACACACACACACAGACACACATACACACGCACATACACACACAAATATAAACACAGACAG
GCACACCGACACATGCACACACTTGCGCACAAACACACACAGACATACACACATAGACATACACACACAC
ACACACACACACACACGCACATACAGACACATAATCATTGACACACACACAGATGGAGACAGACACACAC
ACACAGACACAGGCAGACGCGCACGCATACACACATAGACACATACAGGCACACAGTCACAAACAGAACA
ACTCATTACCACATTGTGCCAAAACATAAAATGGGCAAGCCAG 
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Sequence : Whale Shark A108 
Primer Pair # 6   Product Length:  258   Topt: 57.8   
Forward: Tm: 58.0  5'-CCG-AGC-CTG-AGT-TGA-CTG-'3 
Reverse: Tm: 57.6  5'-GTA-ACC-CAA-TCT-TGT-GGT-CTT-C-'3 
CTCTTGTGTTTTTTGGAGTCATTGAGGAGGCTGTGGTTCTGTTAGAAGGAAACCCTCCCCAAAACACTGA
ATCCTGTAACCATGGCAGATCCAGGCCATGTGGTGGTCAGAAAGGAGAAGGGGTTCAGAAGGAAGGGCAG
ACCTTATCACTCATCGTCTTTTACCCTTCCTGACACCTGCTGCTTTGATCTGATATCGTTTACCTTTGGT
CGAGATCCCCCGAGCCTGAGTTGACTGGACACACACACACACACACACACACACCACACAGACACAGACA
CAGACACAGATGCACAGACACAGACAGACACACACACACACGTGCCTCTTGCCTGAGGCTGAGTTATTCC
CTGTAGCAATAAGATGAGACCCTCATATGTCCCTTACCTCAGGAGCCTCCATTGGTGGATTGATAATGAA
TCTGCCCTCTCTGAACTTGATTCTGGTGGAGGCTGGAAGACCACAAGATTGGGTTACTGTCTCCAAGCTA
GCAGCAGCCAGAACGAATGGACGTCTTTTTGTGCACGGAGTTATTTCAATCTGGTTCACACCGAGTAAAA
GTAGAGATGGAAGCGGGATTCAATTGTAATGTTGAAAGGGAATGAGATACATTGTTAAAGAAGGGGAACT
TTGCAGAAAGANGGAAGAAGTACACTAATTGGATTGCTCCTTCAGTAGCAATGGGGTCACAGGGACCTCT
GGTCTGTGCCGTTTGGTTTCTGGTGAATCTGGTTTAATAAACACACANGGGGTTT 
 
Sequence : Whale Shark A109 
Primer Pair # 8   Product Length:  217   Topt: 56.7   
Forward: Tm: 55.7  5'-CAT-TGC-ATT-ACA-AAG-GAT-GAC-'3 
Reverse: Tm: 55.5  5'-TGA-AAA-GAT-GAC-ATT-GAC-AGA-G-'3 
AAAACATAGTTGTAGAATTACAAGTTAAAAATACCCACAGCACCTTGGAAGTTCTGACCTTGNTGGGTCA
TGTACTTCACCGTCATGACAAATGAAATAAGATTCAGTTTCATTGCATTACAAAGGATGACAAATAATTA
AATATTATATAAAAATGTATATTTGCATTTATAAAACAACACAAACATGCCCGCGTGCACGCACACGCAC
GCGCGCGCACACACACACACACGCAGACAAACACACACACACACACACACATACACACACACACACACAC
ACACACACACACACACGTACACACACTCTGTCAATGTCATCTTTTCAGTTCTAACTGCATCTCTATCAGT
TTGTTTAGTTTTTTGGGGCGAAATATTTAATTGATCAATTGTTGATTTATATCCTGAGAAGACTAGCTGG
AGCCTCACTTATTTACAACATATGGTTTGGATGAGGAGAGTAAAGGTACTGTAG 
 
Sequence : Whale Shark A110 
Primer Pair # 6   Product Length:  271   Topt: 57.2   
Forward: Tm: 55.4  5'-CGG-CAG-TGG-AGT-ATG-GTA-'3 
Reverse: Tm: 56.3  5'-GCG-TGA-GTG-TAT-GTG-CTT-G-'3 
CTCAGNTTTTCCCTTCTGATAAGATTGCTTGCTAATCGGATCCGGGGTCCTTCCCATTTCCANTCACGCG
CTGTGACAGGTCCAGTAACTGTGTGAACCGTGTCGGTTAAAACGCGTAAATATACCAGTAGTAACTTCCG
GCAGTGGAGTATGGTAAAACGTTTACAGAACCGACAACACACACACAGACACACATTTACACAAATACAC
ACATACAGACACTATACACACTTACGCATGCACACTTACTCATAGACACCACACAATTACACCGAAACAC
CGCACACCACACACAAACTCACAGACACACAAAGACACACGCACACTTACACACATAGACACCACCACAC
AGACACAAAGGCGGATACATCACACATACACACTGAAACCCAAGCACATACACTCACGCACATACACACA
CGCAGACACAAATCAGACTAATCTCGTTCAGACACATAGACTCACAAACCGGACTCCGAGACTATCTGTC
TCTGTATTGAACAAACTCGCTCTGAGTGGGATTAGTTTCTCATCGCCCTGCTCTCCACCAGCAGCCACAT
ATTGATCACTTTTTCACTCCTTCAGCACTTGATAATGGGGAAATATTTGGTAACTGGTTTCCTCTTGGCC
GGTCATGCTCAGCGCAGATTGGGATCATTTTCTCAATGGTCTTGCTTTATTACTGGTTATATTATGATTC
ACATTTTGGTTTTA 
 
Sequence : Whale Shark A111 
Primer Pair # 8   Product Length:  287   Topt: 57.3   
Forward: Tm: 56.1  5'-TGA-GGG-TAA-TCA-TCT-CGT-TG-'3 
Reverse: Tm: 55.4  5'-GGT-GTG-AGG-TCT-TGC-TTA-GA-'3 
AAAGGTTTGGCAGTTGTTTGAAGGCAAGAAATGGAGGCGTAGGGAAGATCGTGGTGAGGGTAATCATCTC
GTTGACGATGTGTTGAAGGGTGCGAAGAACATGGCATAGTTTCTCTGCTCCGGGGAAGTACTGGATGATG
AAGGGTACCCTATTGGTTGTATCTCATGTCTGTCTTCTCACACTCTCTCAAACACAAACACACACACACA
CACACACACACACACACACAAATTGTTTCATCCAAGATGTTTGTGTAGTTGCAGATACATTCTGTTTTGC
TCCAGAAAAAAACCTGACCCCAGTTTAAAACATAGACAGATTCTAAGCAAGACCTCACACCTAAAATGCA
TTGTCTGACCTGAGAAGTCACCTCTTGTATACATTGATAAAACCTCTAATTATCTCAGGATAATGACTTG
AGAGGAATCTGGATTTTGCATTTTAATCAGTAGTCTCCTTCCTAACTGATTAAAGATTAAAATCACAGGT
TATAGACACGAGATTATAGTTCAACAGGTTTATTTGAAGACACAAG 
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Sequence : Whale Shark A114 
Primer Pair # 2   Product Length:  135   Topt: 54.8   
Forward: Tm: 55.3  5'-CTC-CTC-CAA-TCC-CTC-ATC-'3 
Reverse: Tm: 53.3  5'-CGT-GAG-AGT-GTA-TGT-CTA-TGT-G-'3 
CTCCAGAAATCTTCCCTCCACCCTCTCCTTTCATTCCGCCCTCCACCCCTCCACTCCTCCAATCCCTCAT
CTTTCCATCCCTCCACTCTCCATACCTCCACACCCCCATGCATCCATCCACCCCGCCACACTCACGCTCA
CACACACACACTCACTCATGCACACACACATAGACATACACTCTCACGTACTCACACAGTATTACACACA
CACACACAAACACACAGACACAGACACGCACATACGTCACTCAGACACACACACACACATACAGTCACAC
ACACACACACACAGTCACACAGACACACACATAGTTACACAGACACACACACACACAGTCACACACACAC
AGACTCAGACACAGACATACAGTCACACAGACACACACACATACTCTCTCTCTCTCTCTCTCACACACAC
ACACACACACACACACACCCCAGGCCTGGGGTTAACCAGTTTATGCTGTTTACCCCTGACACTGCCTATG
TGTTAGATTTTGGGTTTTTCCACCAATGAGATGACAGGAATAAGAACAGCCCATTATCCCACANCTTGGG
CCCACCNAACCCAAACTCAGAGGGAAAGAGTGGGGACAGAAATTCGAAGGGAGGGCTTTGGGGGCTTGGG
ATTGAANAAAGCNTTGCCATTGGCCCTGGCAGGGGTCGAACTTCTTANAAAGGGGATCCCCCGGGGGGTA
ACCCGNAGNCNTCCGAAANTTTCCACCTNGGGCCCGGTTCGNTTTTTTNANAAAACGGTTCCGGTTGNAA
CNNGGGGGGAAAAAAAACCCCTTGGGGGGGGTTTTAACCCCCAA 
 
Sequence : Whale Shark A114a 
Primer Pair # 7   Product Length:  325   Topt: 57.7   
Forward: Tm: 56.1  5'-ACT-CAT-GCA-CAC-ACA-CAT-AGA-C-'3 
Reverse: Tm: 56.0  5'-AGG-GGT-AAA-CAG-CAT-AAA-CTG-'3 
CTCCAGAAATCTTCCCTCCACCCTCTCCTTTCATTCCGCCCTCCACCCCTCCACTCCTCCAATCCCTCAT
CTTTCCATCCCTCCACTCTCCATACCTCCACACCCCCATGCATCCATCCACCCCGCCACACTCACGCTCA
CACACACACACTCACTCATGCACACACACATAGACATACACTCTCACGTACTCACACAGTATTACACACA
CACACACAAACACACAGACACAGACACGCACATACGTCACTCAGACACACACACACACATACAGTCACAC
ACACACACACACAGTCACACAGACACACACATAGTTACACAGACACACACACACACAGTCACACACACAC
AGACTCAGACACAGACATACAGTCACACAGACACACACACATACTCTCTCTCTCTCTCTCTCACACACAC
ACACACACACACACACACCCCAGGCCTGGGGTTAACCAGTTTATGCTGTTTACCCCTGACACTGCCTATG
TGTTAGATTTTGGGTTTTTCCACCAATGAGATGACAGGAATAAGAACAGCCCATTATCCCACANCTTGGG
CCCACCNAACCCAAACTCAGAGGGAAAGAGTGGGGACAGAAATTCGAAGGGAGGGCTTTGGGGGCTTGGG
ATTGAANAAAGCNTTGCCATTGGCCCTGGCAGGGGTCGAACTTCTTANAAAGGGGATCCCCCGGGGGGTA
ACCCGNAGNCNTCCGAAANTTTCCACCTNGGGCCCGGTTCGNTTTTTTNANAAAACGGTTCCGGTTGNAA
CNNGGGGGGAAAAAAAACCCCTTGGGGGGGGTTTTAACCCCCAA 
 
Sequence : Whale Shark A118 
Primer Pair # 8   Product Length:  194   Topt: 56.4   
Forward: Tm: 55.1  5'-TCT-GGA-TGT-CCT-GGT-GTA-TAG-'3 
Reverse: Tm: 55.4  5'-TGT-GTT-TTA-ACC-TGG-AGT-CAG-'3 
CACCGCCAGGAACTCGCAGAATCCCAATGCCGTCATCTTTAAAGTTCAGCTGTGTTATCCAAGNTCAAAA
CTGCCCTACACAGTTCCTGTCACTTACTTCAGACATATTGGGCACAGCAAATTGGCACTCTGCTTTGCCC
ATGGGGATCTGGATGTCCTGGTGTATAGGGGATGAATGCATTCACTGCCCATTCTCTCTCTCACACTCAC
ACACACACACACACACACACACACACACACACACCTATGGGATGAATTATCTCATCCAATATGTTTGTGT
ATTTGCAGATACATTCTATTTTGTTCAAAAAAAACCCAACCTGACTCCAGGTTAAAACACAGTCAGATTC
TAAACACACCTGAAATGCATTGTCTGACCTAGATGTCACCTCTTNGCATTACACTGGATTAAAACCTTTA
ATTATCTTGGGGTAATGACTTGAAAGAAGTTCTGGGATTTGCNTTTT 
 
Sequence : Whale Shark A119 
Primer Pair # 2   Product Length:  279   Topt: 57.7   
Forward: Tm: 56.9  5'-TCA-TCC-GTA-AAC-TTG-CTA-ACC-'3 
Reverse: Tm: 57.1  5'-TGC-CTT-CTC-ACC-GTA-ACC-'3 
AAAGGTATCTGGATGGGTATANGAAGTGGAAGGGTTCAGAGGAATANAGGCCAAACACAGGGCAAATGGA
CTAGATTAATTTCGGGTACCTGGTCAGCATGGACATATTGGGCCAAAGGATTTGTTCCCATACTGTATAT
CTTTATGATTCATTCATCCAATTGATCAAGATCTCTTTGTAATCTTGGATAACCTTCCCTGTCTACGGTT
CAAATAATCTCAGTGTCATCCGTAAACTTGCTAACCATGCCTTCTATAATTTTCATCTGAATCATTTCTT
AAATGAAAAAGAAACGTAAATCCAGCACTGATCCCTGTGGATCACCGCTAGTCACAGGCTTCCAGTCTGA
AGGACAATCCTCCATGACCACCCTGTCTCCTGCCATTAAGCAGAAATACACACACACACACACACACACA
CACACACACACACAGCCGTGTCTTTAAGACAGAGATAGATACGTTTTGATTAATAAGCAGATCAAGGGTT
ACGGTGAGAAGGCAAGAGAATTGTTTTGAGAAACATGTCAAGCATAATCGAACAGCAGCACAGACTTGAT
GGGNCAAATGGCTAATTCTGCTCCAATTTCTTATGCTGGCCTGGGTCTGGAAGGTATCNNGAATTATTTT
CCCCAAGAANAAGCCAGTGGATGGGCTGGANGGTTGGATTAAATTACTTTTACTGGAACNAGAAGTTCGA
ATCCGGGAATGGGTTGGAAGTTAAGGTTTTGGAAGGGAAATTGAAATGGGNCCTNACATTCTNGCTNCCT
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TATTTTGGGTCGGTGGCTNCCTTTAAAAGAAGGANGGTAACTTGGCCTGGTGGANGGTTNAAGCCTTTGC
ATTGNCCTGCAGGGTCGAACTCCTTAAAANGGANTCCCCCGGGGTTACCGAAGCTCGAAATTCCACTGGC
CCGGCCG 
 
Sequence : Whale Shark A120 
Primer Pair # 1   Product Length:  279   Topt: 57.3   
Forward: Tm: 56.3  5'-CCA-GGC-TGC-CAA-AGT-TAT-'3 
Reverse: Tm: 55.8  5'-ACC-ACT-GGT-CCT-GTG-TAG-G-'3 
AAATATCAGAGGGAAAGTAAAATAGGAAGAACTGGGATTCACTAACAAAAATTTCTTACTAATAATTTAG
TAACTTGTGTGTTTATGTATCAAGGCAAAAGCAGGCAAGTTAAAAACTCTTGCCTCCAATTGCATCTTCT
ACCTCATGTTTCTCAGTTTCTACAATAGTAATTCCTGAATTCTGTATACTGTTGTACTTAGTATGTATTG
TCATGATCATGTACTAAAATTTGATCCTAAACCTGAAATTGCAAATTCAACCAGGTGCCAAAACAATATC
AAAGAATAATTTAGGCCATTAATAACAGTAACAATGATAGTCCTCATTCCATTTCACTTCATTAAAACTT
CTAAATATGGAGTAACTACCTTGTGAACCTGATTCCAGGCTGCCAAAGTTATGTTAAGATCTAACTAAGG
ACTAATCATTACTTAAGTGAGAAATCCCAGAACTTTATTAAGAGAATAAAGCTGTGAGATTAAGATTTTG
AACAAACAATAAATTTCACTTAACTAAAGCAGTAAAATAGTCTCATACACACACACACACACACACACAC
ACACACACACACACACACACACACACACACACAGCCCCAATACTTACTGGTTTTATGACTCTCAAGACTT
ATTCCCTAGCCTCACCTACACAGGACCAGTGGTTTCAGTTATCTTTCTCAGCAGCCACTTTATCCTGGCG
TGGGAGTTTTATTCCTCTACTCCTCACCCCCGTACTATCAGAATTCCAAAAGTTAACTAANTTAG 
 
Sequence : Whale Shark A121 
Primer Pair # 8   Product Length:  185   Topt: 57.3   
Forward: Tm: 58.6  5'-CAA-TTT-ACC-TGA-CGT-TCA-GAC-C-'3 
Reverse: Tm: 58.7  5'-GCC-TAT-ACG-TGA-CTC-CAG-ACC-'3 
AAAGGGTACACACTGGTGCCCCAATTTACCTGACGTTCAGACCAGNGNTTGATAGAAAGTCCCTTCTTCT
TTANTACACACACACACACACACACACACACACACACACACACACACACACACACACACACACACACACA
CACACGGCCCCCAGAGGGCAGTTAAGTGTCAATCACATTGCTGTGGGTCTGGAGTCACGTATAGGCCAGA
CCAGGTAAGGATGGCGGTTTTCTTTCCTAAAGGGTATTAATAAACCACACAAGTTTTTCAACAATCAACA
ATGATTCATAGTCATTATCAGACTCCTAATTCCAGATGTTTATTGAATACAAATTCCACAATCTCCCATA
GCAGGGTTCAAACCAGGGTCCCCATCAGAACATTACCAGGGTCTCTGGATTACTAGTCTAGCAATAATAC
CACTAGGCCATCACCTCCCAATATATGGATGAACTCCAG 
 
Sequence : Whale Shark A122 
Primer Pair # 1   Product Length:  280   Topt: 58.5   
Forward: Tm: 59.6  5'-CAC-CCT-GTC-TCC-TGC-CAT-A-'3 
Reverse: Tm: 59.5  5'-GCC-ATC-ACT-GCT-CTC-TTG-G-'3 
AAATGACAAACAAAAGTAAGTCCAGCACCGATCCCTGNTGGATCACTGCTAATCACAGGCCTTCCNAGNT
TGAGAACAATCCTCCATGACCACCCTGTCTCCTGCCATAAAGCAAAAATACACACACACACACACACACA
CACACACACACACACACAGCCATGTCTTTAAGACAGAGATAGATATGTCTTGATTAATAAGCAGATCAAG
GGTTACGGTGAGAAGGCAAGAGAATTGTTTTGAGAAACATGTCAAGCATAATCGAACAGCAGAGCAGACT
TGATGGGCCAAATGGATAACTCTGCTCCAACTTCTCATGCTGTCTGGTCTGAAGGTATCAGGATTATTTT
CCCAAGAGAGCAGTGATGGCTGAGATTCATAAATACTGAACTGAACAGAGTCGATCGGAATGTGGAGTAG
GTTTGAGGGAATGAATGGCCTACATCTGCTCCTATTTGTTGTGCTCCTTAAAGAGGAGGTAACTTGCTGT
GAGGTTAACACACTTCAANGGAGTTCTCTCAATAAACNTTGGAGAATAAGAATGGTTTCCTTCCCCCTTT
AAAAATGGNGCCGGCCGGTATGGTCCCCATNCCCCAGGGACC 
 
Sequence : Whale Shark A123 
Primer Pair # 8   Product Length:  224   Topt: 58.0   
Forward: Tm: 59.3  5'-CTT-CCG-TTT-TGC-ATT-CAG-TG-'3 
Reverse: Tm: 59.3  5'-AGG-TGC-TTC-AAG-GGC-ATA-AG-'3 
CTGCTCACACTGNTTTGTTCTCCTTTCTCTTGNTTTCTTTCTTCCGTTTTGCATTCAGTGGCCTGNTTAC
GAGACACACACACACACACACACACACACACACACACACACACACACACACACACACACACACACACACA
CATACCTACCTACCTACCGCTTTTTGGGCAAACCTCGTTTCTTTACTTTGCCCATTTCCGAGCTCCTTTG
CCTTTGCATCATGAAACCCTCTGTTGTTTCATCTCTTATGCCCTTGAAGCACCTTCAACAGACCTTTCCC
TCTTGATCTGTCGACCGTCACTCCCCACCCGTTCACTCACTCAAAATCTATTACATCTCTGCTTTTTCTG
AGTTCTGATGAAGAACCATTACCCAACTGCAATGTCTCCTCTTATTATCTCTCCCCAGATGCTGCCTGAG
TAATCCGAGCATATTCTGCTTTTATTTCAGATTTCCGGCACCTGCGGTGTTTTGCTTCTGGTTTCTGATC
CTAATTGCAATCAATATCACTATCATTGCAGACCGAAGATGAGGAGACATCCATTACTTTTATGAATCCA
GGAAGATTGACCCAATGGTCTTCATTTTGACTGGCCTCTTGCTGAGCGTCTTCTGGTTAAAGTCAGAGCA
GTTAAGTCAAGCCTACAGCACTAAACATACCAACCGGTAAAANCATGGG 
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Sequence : Whale Shark A124 
Primer Pair # 6   Product Length:  242   Topt: 57.3   
Forward: Tm: 56.5  5'-CAT-TGT-GAC-GAG-GAA-TGT-TC-'3 
Reverse: Tm: 57.3  5'-AGA-CGA-TGC-ACG-TTA-GGT-G-'3 
CTGTTGGGTGTTGAGTACTGAGGCTGTTGCGGCGATACCATCATCGTGGGGGATGCTTGTTGTTAGNTGT
GCGAAATGTCCATTGTGACGAGGAATGTTCCACACACACACACACACACACACACACACACACACACACA
CACGAATCTGTAGGATGAATTTGTACTTGCAGATACATTCTATTTTGGTCAAAAAGCACACAATTTATAG
ATAGTCAATGTGGTGTTTTATAAATTCCTATTATAGAAGCAAAATCAGTCTGACTCCAAACTAAAATACA
AACAGATTCTAAACAAAGTCTCACACCTAACGTGCATCGTCTGACCTAAAATGTCACCTCTTCTTTACAC
TGATGAAATCTTTAGTTCTCTCAGGACAGTGACTTAAAAGGAATTCAGTGATTAACTTATTCATATTAAT
CAATTAAAACCTTCTAACTGATTAAAGATTTAACAGCATCTCAGGTTTGTTTACTACATCCTGATCAGTG
GTGTGACCCTTTGATCTTTTACTTATAAATTCTGTGTCTGATACTATCTCTCTCACTAACAGCTGGAAGA
ANGGAGTGAGGCTCCGA 
 
Sequence : Whale Shark A126 
Primer Pair # 2   Product Length:  204   Topt: 57.2   
Forward: Tm: 57.4  5'-CTC-TGC-ACA-GGT-AAT-GTT-GAA-C-'3 
Reverse: Tm: 57.7  5'-CTG-CAA-GTG-CTG-TAA-TCA-GTT-C-'3 
CTGTTGGGCTAAAGATCAAGGNAGCACTGCAGGTTCTCCCCTCATATCTGCAGGGCCTGGTAGAAGAAAA
ATCTGGTACTTCTGTTTCCAGACCCTTTTAGCCCCTTTAAACTTTAATAAAGAGAAATTATACTTTGCAT
TGTGTGATAAATATTTTCTCATTTTAAATTTTAGCTACCCACAAACTTACAAATGCTTAGTAGGGAGAAT
ACAATAGGAGAGCAAACTTGCCAGATGCTGGAAATCTGAAATGTAAACAGAAAATACTGCAAGAATTAAT
GCTTCAGATACATTAGTTCTGACAAACGGTCACTGACCTCAGACTCTCTCTGCACAGGTAATGTTGAACG
TTTCCAACACTGCCCTTTTTTATTGGACCAAAGGTCGCCTCTTTTGCCAGCCCTGTAAAAAGCAATGAGA
CTTCTTTTGAGTTGTAAAACCTTTTTTGCTATTCACTTGGGTGCCTGTGTGTGTGTGTGTGTGTGTGTGT
TTGTCCCTGCCAAATGTGGGAACTGATTACAGCACTTGCAGAAATACTCCACAGTACTTCCAGATACTTT
T 
 
Sequence : Whale Shark D102 
Primer Pair # 8   Product Length:  281   Topt: 57.1   
Forward: Tm: 55.2  5'-GCT-GCT-CCT-AGT-TCT-TAT-GTT-C-'3 
Reverse: Tm: 55.0  5'-CCA-TTG-CTA-CTT-AAT-CCA-CTG-'3 
AAAAAAAGGTAGATTNTTTTTGAACAATAAAGGAATTAAGGGATACGGTGAGAACGCGGGGTTAAGGTGG
TCTGAGTCCACAAAAGGATAGCCATGATCTTATTGAATGGCAGAGCAGGCTCGAAGGGCCAGATGGCCTA
CTGCTGCTCCTAGTTCTTATGTTCTTACGTTCTTATGATAGATAGATAGATAGATAGATAGATAGATAGA
TAGATAGATAGATAGATTACTTNGATCCNCAGGGAAATGAAATGAACTTACAACTTGGTGCAGGCAGGAT
TGGAAGGGAGAAAATAGGCATGGATTGATGTTAGAATAAGGACTGATAAATGCTTACTTTTCACAATTGG
CCCTGCCAAGAATTTAGAGTTTAGGGTTAACATATCTCAACTTGTATAACATCAGTGGATTAAGTAGCAA
TGGGAAGATATCAGGGAGTCTTTCCACAAAAAGGCTTGAACTTCGCAACTCATTATCTTTATGGAGCCAT
GCTGAAG 
 
Sequence : Whale Shark D104 
Primer Pair # 5   Product Length:  192   Topt: 56.8   
Forward: Tm: 56.9  5'-TTG-GAC-CAA-AGC-ATC-TAT-TTC-'3 
Reverse: Tm: 56.7  5'-TCC-TGA-ATA-TGA-GGT-TTC-AAT-G-'3 
ANAAAGGACATGCGGGGCAACTTTTTTACACAGAGAGTGGTTCGTGTGTGGAATGAACTGCCCCGAGGAG
TGGTGGACACAATTACAGTTACAACATTTAAAAAACATTTGGATAAGTACATGGATAGGAAAGATTTGTT
GGGATATGGGTCAAACATGGACAAGTGGGACTAATTTAGTTTGGAAACATGGTCGGCATTGAGTACTTGG
ACCAAAGCATCTATTTCCATACTGTATGACTCTTTCTATCTATCTATCTATCTATCTATCTATCTATCTA
TCTATCTATCTATCTATCTATCTATCTATCTATCTATCGATCTATCTATCTATCGATCTATAGATCTATC
TATCTATCAAACCTGACCGATCCAAGCATTGAAACCTCATATTCAGGAAG 
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Sequence : Whale Shark D109 
Primer Pair # 5   Product Length:  340   Topt: 58.5   
Forward: Tm: 58.7  5'-CCT-TGA-TTC-CCC-TAC-TGA-GC-'3 
Reverse: Tm: 59.6  5'-TCA-CGG-ACG-TTG-TTA-AAA-CG-'3 
CCAATTATGTACATTAAAACCAACGATCTTTCTTACACATTCCCCTTATTGATGTTTAGCCCANTCCATG
AGTCAACTGTCTTTTCTTTCATGATGACTTTGACGGCATCTTCTTTTCTGGGAAAGACAGGTAAAAAGTT
GCCATTTACTATCTGAGTCTCCGCATCCCTGGGTCCTTTTCAGATCATAATTGGCCCACCTCCCCCTTTC
AAGACCATAAGACAATAAGAAATATGGACAGGAGTAAGCCACTTGGTCTCTTGAGCCTGCTTCGTCGTGC
AATAGGATCATGGCTGATATGACTGTTCTCACATCCACTTTCCTGCCTTGTCCCAGTATACCTTGATTCC
CCTACTGAGCAAACATCTGTCTGTCTGTCAGTCTGTCTGTCTGTCTGTCTGTCTGCCTATCTATCTATCT
ATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCCAT
CTATCTATCTATCTATCTATCTATCTATCTATCCATCTATCTATCTCTCGATCTCTCTATCTCTCCATCT
ATCCATCTATCTATCTATCTATCTCAGTTTTAAGNCTTGCATGCCTGCNGGTCGACTCTAAAGGATCCCC
GGGGTACCGAGCTCGAATTCACTGGGCCGTCGTTTTAACAACGTCCGTGACTGGGAAAANCCCTGGCGGT
TACCCNACTTTAATCGGCTTTGCAAGCACATNCCCCTTTTCGCCCAGCTGGGCGNTAATTACCGAAAAAA
NGGCCCGNAACCGAATCGCCCCTTTCCCAACAANTTGNCGCCAAGCCCTTGAAATGGGCGNAATGGGCGC
CCTGGAATGCGNGGTAATTTTTCCCCCCTTTACGCCATTCTGGT 
 
Sequence : Whale Shark D112 
Primer Pair # 4   Product Length:  296   Topt: 57.4   
Forward: Tm: 55.8  5'-TGG-TCC-CTT-CTC-TCT-TGA-A-'3 
Reverse: Tm: 57.1  5'-GCA-ATT-CGC-AGT-TCT-TTT-G-'3 
AAAGAAGAAATACAGGGTGAAATGTGTCCTTTGTGGGTGAGTGTAAAAATATAGTTTNTTTNNGGGTTTG
CTTTATTTTATTTGGTTCATATTCCCTTTACTCCGCCAGATACAACAGTTGGCAGCAATCAGGCCGACTG
CAGAAATGGTCCTCGAGTTCCCAGTTTCATTTACCGGAAGCACCTGGTGTTTCTACAGTAAATCAAAGAT
ATTTTCCCTCACTGTTGACGCAGGGCAGAAAGCCAACTTCAAACCATAACCACTGCCTCAGCCTAAACAA
ATCTATTTTTCAGTTGCATCGCTTTGAGAACTGGTCCCTTCTCTCTTGAAAGGAAATACTTACAGAGTCT
CCGAAACTATGTACATATCAACAGTTCACTGCAGGATCACTACATTATAAAATTGAGATCGATAGATAGA
CAGACAGACAGATAGATAGACAGACAGACAGACTGGTAGATAAATAGATAGATAGATAGATAGATAGATA
GATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGA
TAGATAGATAGATAGATAGATTANAAACCAAAAGAACTGCGAATTGCTGTAAATCAGGAACAAAAACAAA
GTTTGCTGGAAAAG 
 
Sequence : Whale Shark D114 
Primer Pair # 7   Product Length:  187   Topt: 57.7   
Forward: Tm: 59.7  5'-GCC-CTT-TCA-AGA-TTC-TGT-GG-'3 
Reverse: Tm: 60.0  5'-CCT-GCC-TCT-CTA-TTT-GCC-TG-'3 
CTAATGTAAGGAAAANAATTAACCTATCAGTAAGGAAAAAAAAAACATATCAGTCCTGTTTGCCCTTTCA
AGATTCTGTGGACATCGACGGGAAGGTAGATATTTAGATGGTCAGTTGTTTGGAGAAAGATATTGCCGCG
CTGATAGACAGAGATTGATGTGTACATAGATAGACTGATAGATAGATAGATATGAAACTGGGTAGAAAGA
GATCTGGAGACGCAGTAGCAGGCAAATAGAGAGGCAGGCAGATGGGCAGACGGGCAGAAAGAAAGGCAGA
TAGACAGACAGATAGATAGATAGACAGATAGATGGATAGATAGATAGACAGACAGACAGATAGACAGGCA
GATAGATAGATAGATAGATAGATAGATAGATAGATTCCTTAGGTAACCNGGTCATTGACCGATTGATTGA
TTNGATTGNCCGCCCGGGTTGNATAGATTAGGGTANACCCGNTNGATTGGATTNGATCGATTTGGATTNG
ATTGGATTCGATTNGATTNGATTGGATTTGGATTGGANTTNGANTTTTTGGGNGNAAANTTAAANTCCCT
TAAAAANTTATTTGGGGGAAAACCC 
 
Sequence : Whale Shark D114a 
Primer Pair # 6   Product Length:  195   Topt: 57.0   
Forward: Tm: 57.2  5'-AGC-AGG-CAA-ATA-GAG-AGG-C-'3 
Reverse: Tm: 57.3  5'-ATC-AAT-CAA-TCG-GTC-AAT-GAC-'3 
CTAATGTAAGGAAAANAATTAACCTATCAGTAAGGAAAAAAAAAACATATCAGTCCTGTTTGCCCTTTCA
AGATTCTGTGGACATCGACGGGAAGGTAGATATTTAGATGGTCAGTTGTTTGGAGAAAGATATTGCCGCG
CTGATAGACAGAGATTGATGTGTACATAGATAGACTGATAGATAGATAGATATGAAACTGGGTAGAAAGA
GATCTGGAGACGCAGTAGCAGGCAAATAGAGAGGCAGGCAGATGGGCAGACGGGCAGAAAGAAAGGCAGA
TAGACAGACAGATAGATAGATAGACAGATAGATGGATAGATAGATAGACAGACAGACAGATAGACAGGCA
GATAGATAGATAGATAGATAGATAGATAGATAGATTCCTTAGGTAACCNGGTCATTGACCGATTGATTGA
TTNGATTGNCCGCCCGGGTTGNATAGATTAGGGTANACCCGNTNGATTGGATTNGATCGATTTGGATTNG
ATTGGATTCGATTNGATTNGATTGGATTTGGATTGGANTTNGANTTTTTGGGNGNAAANTTAAANTCCCT
TAAAAANTTATTTGGGGGAAAACCC 
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Sequence : Whale Shark E104 
Primer Pair # 5   Product Length:  213   Topt: 57.3   
Forward: Tm: 57.4  5'-AGA-AGA-CAG-TTG-TGG-ACT-GAC-A-'3 
Reverse: Tm: 57.6  5'-GCA-CGT-TCT-CCC-ATT-ACG-'3 
CTGGCACATGCAAGAGAGAGAGTATTTGTGTTGGCGTGAGAGACAGCCTGCAGAGAAGAAGACAGTTGTG
GACTGACAAAGAGCCGCTGGCCCTGGACAGCGCACACGTGAAAAGATCTTGTGTGTCTGTGTGTGAGAGC
ACGTGCGCAAGAGAGAGAGAGCGCGTACGCCCATGAGACTGCGCACACGTGAGGGAGAGCGTGAGCACGC
GAGAGACGCTGTGTGCGTCTGCGGGAGAGAATGCGCGCGTGCGTAATGGGAGAACGTGCGTGTTGTAGCA
CATGCAAGAGAGTGCGAGGGTGAGCACGGAGAAGAGGCAGAGAGAGACAGCATGCGCGTCGATGAGAGGT
TGAGTGCGTGAGGGTGTGTGACAGAGAGAGAGAGAGAGAGAGAGAGACACAGCGAGTGGGAGAGAGGAGA
GAGTCTCGGAGCAAGGGGGGCCGAGTTGGGGGCCACGTATCCAAGCAGACATAACACTGGGATCGGAGGC
NGCCAGGAGCAGTTTTACACGG 
 
Sequence : Whale Shark E104a 
Primer Pair # 7   Product Length:  150   Topt: 56.7   
Forward: Tm: 58.4  5'-GTC-GAT-GAG-AGG-TTG-AGT-GC-'3 
Reverse: Tm: 58.4  5'-TCC-GAT-CCC-AGT-GTT-ATG-TC-'3 
CTGGCACATGCAAGAGAGAGAGTATTTGTGTTGGCGTGAGAGACAGCCTGCAGAGAAGAAGACAGTTGTG
GACTGACAAAGAGCCGCTGGCCCTGGACAGCGCACACGTGAAAAGATCTTGTGTGTCTGTGTGTGAGAGC
ACGTGCGCAAGAGAGAGAGAGCGCGTACGCCCATGAGACTGCGCACACGTGAGGGAGAGCGTGAGCACGC
GAGAGACGCTGTGTGCGTCTGCGGGAGAGAATGCGCGCGTGCGTAATGGGAGAACGTGCGTGTTGTAGCA
CATGCAAGAGAGTGCGAGGGTGAGCACGGAGAAGAGGCAGAGAGAGACAGCATGCGCGTCGATGAGAGGT
TGAGTGCGTGAGGGTGTGTGACAGAGAGAGAGAGAGAGAGAGAGAGACACAGCGAGTGGGAGAGAGGAGA
GAGTCTCGGAGCAAGGGGGGCCGAGTTGGGGGCCACGTATCCAAGCAGACATAACACTGGGATCGGAGGC
NGCCAGGAGCAGTTTTACACGG 
 
Sequence : Whale Shark E105 
Primer Pair # 6   Product Length:  118   Topt: 56.0   
Forward: Tm: 59.1  5'-GCG-TGG-ACT-GAT-TTG-GTT-C-'3 
Reverse: Tm: 59.0  5'-AGG-GAT-GAA-GAG-ATA-GGA-GCA-G-'3 
AACTGTATTTTGTGATGACAACCGGTCATGAAAGGTGTATAATCCTAGTAATTTTACCATTTCNTTCTGA
GATTTCAATCTGTCAAAAAATGAATAAGTATGTTGGCCCGCATTCTTCCAGCTCTCCAGCGTGGACTGAT
TTGGTTCTTAGTCTCAGCATTGCTTTTGTCAATAAATCCTGCCAAAGGATCCTCCCTCTCTCTCTCTCTC
TCTCTCTCTGTGATCTGCTCCTATCTCTTCATCCCTAACTGAACATTTTCAAGCATCTCCATTTCATTGG
CTCCATCATTAGTTCCAGCACCTTCAGCCACTTCAATCCTAACTTTTAAAAATCCGGNCCCNAAAGTCNT
NGATCNCNCCCNACCCTATAAAAACCCAACTCTGATTTATCCTACATGAATAGGATGGGAATAGAGGGAT
ACAGCCCCCGGAAGGGTAGGGCATTTTAGTTGTGACAGGCAGCATGTTGGTGCAGGCTTGGAGGGCTGAA
GGGCCTGTTCCTGTGCTGTAATTTTCTTTGTTCTATAAAAAAAACTGTTGGTCATTGCTTCTAATTTTCT
CCTCCTAATTCAACATCAG 
 
Sequence : Whale Shark E109 
Primer Pair # 8   Product Length:  203   Topt: 56.9   
Forward: Tm: 56.8  5'-AAG-CCA-TGT-AAG-ATG-ACA-AGG-'3 
Reverse: Tm: 56.6  5'-TTT-TTA-TGG-TCA-ATG-GGA-CTC-'3 
CCACTTTCTCCCCCANCAACGCTTTAGTTTTTGTAGGTGAGCCACACGCACAAAAGAAGTTTCAGNAGAG
ACACAAAGATAGAAACTAAAGAAAGATTTGGATTCAGAGCCCAGGGAATGGTAAATCTCACATGATATTT
GGCTTGTCGGCTTGTTTTACTATGTTAAAAGGTGCTCTGAGAATGTAAGTTATTGCTGTTGATGATGATG
CGGAAGACAACTTTAACAATTGGTGTCAGTGATATAAAGAAATCTATTAATTCCTTTCTAAAGTTTTTGA
AGGATGCACACTGTCTTTTGGTAATGGAAAGAAACCAAATGTTGTCTTGTTTCTAAGGGAGTTGAGAGAA
TTTGGGTGCTGAGGAATAAAATGAAGTAGTCAGGGATGGCCTTACCTTGACTGTAACAATAGATATAGGG
AAGCCATGTAAGATGACAAGGTTGTAAAGATGACCATAGATGTAAGTAAAAGACTTGAGAGAGAGAGAAA
GAGAGAGAGAGAGAGAGAGAGACTAAGGCAAGAACAGAGGAAGATATATGAGCAAGAAACCTAAGATGGA
TCCAGAAATGGTGACTTTGTACNCTTTCCCTGGCCTGTACTTGAGTCCCATTGACCATAAAAATCTATTC
TAATTCTTAAGGATATGGGTTTTGANGGAAAAAAANGGTAAAGGGTTGATTTTTTTTTTCTTTTTGAAAG
GGCAGTTGGTAAAAATAAGGTGANGTGGCTTGAAGGGANAAGGTACTATGATTGAGAAAGCCCCTGANAA
ACCTTGCATGCCTGCAGGTCCACN 
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Sequence : Whale Shark E112 
Primer Pair # 6   Product Length:  186   Topt: 57.3   
Forward: Tm: 58.7  5'-AGG-CAC-GGT-AAC-CCT-GAG-'3 
Reverse: Tm: 58.4  5'-TTT-CCA-CAG-CGA-GAT-TGC-'3 
TGGTTTGTGACGCAGAGGGACACCAGCAGCACGTGCTCACTTTCTGTACCAGCTGAGGGTCACCCATGAA
GGTCCCACCATCTTAATCTTGCCCATTGACTGAGGCACGGTAACCCTGAGGTTAAAGCACCATTCGTCGT
CTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCACTCACACTCTCTCAAGAGACAGAACAGTCCGACGATCT
TCTGGGATCACAGCAACTTTATTTCAAAATTTTAATTGTGTAATGAGAATGGATTAATTGGCAATCTCGC
TGTGGAAAAGTGAAGACTTCTTCATGATAGAACTCTTCATGAAGATGGAGAGTGACAGAGATGATTCTGA
GACTAGGGGCCAAAATCTAAACAGAGGAAATTACAGTGTTATGAGGTGCATGCAGGCTACAATAACTTGA
GGAACTT 
 
Sequence : Whale Shark E115 
Primer Pair # 6   Product Length:  187   Topt: 57.6   
Forward: Tm: 59.3  5'-CGC-CCA-GAA-AAA-CTA-CGG-'3 
Reverse: Tm: 59.5  5'-CAA-CCA-TGC-CCA-CAG-TTG-'3 
CTGGCTTCTCCGATCCCCACCAGCCCACGGGTGAAGAGCAGCGCCCAGAAAAACTACGGGGAAGGGCAAA
AAGAGGCGAGGGAGGTGGGGGGTGGAGAGAGAGAGAGAGAGAGAGAGAGACACACACGCACGCCACCCCA
CTCCCACCACAACATCAACATGTCAGGTCATACATGTCCACCCCTCAACAGGGGGGTAGGGGGTGGGGAG
CAACTGTGGGCATGGTTGACCCACAATGAGGCGGCATCGTGAGGGATTAACCTGGCCGGAGCAAATCGGC
GACAGATTCGGGCGTTAAAATGCGAGCGAGGGACGCCGGGAGTCAAAGGAAACATAGTACCGACCGAAAA
GAANGAAGTGGCAAGTACTGGGGGNCTGGGGAACGAGACAAGACAAGGGGCACAGGTGGGCACGTGCTAT
CACGTCAATGACATAGACTTGGCTTCAAGACGTGATTGGCGAATAGATAGGAG 
 
Sequence : Whale Shark E116 
Primer Pair # 3   Product Length:  263   Topt: 57.5   
Forward: Tm: 56.8  5'-CAC-TTT-CTT-GCA-CTC-TCA-TCT-C-'3 
Reverse: Tm: 56.9  5'-AGC-CAA-GTC-AGG-ACT-GAT-ATG-'3 
TCATTCTTTGTATGTTGTTGACCATAAACTGGACATNGTGGAAATACAATGGCTTCACTTCTTCAAAATG
TCNTCCTCTCACCTGTTCCACTGTCTCAATTCTCCTCTCTTTCTTCCAACACCTTTTTCTCTTTCCTCCC
TCTTTCTTTCTCACTCTTTTCACTTTCTTGCACTCTCATCTCTTTCTTTCTATCTTTCTATCTATCGCTC
ACTCTGTGTCTCACTCTGTGTCTCACTCTGTGTCTCACTCCGGTGGTCTCACTCTGTGTCTCACTCTGTG
TCTCACTCTGTGTCTCACTCTGTGTCTCACTCTGTGTCTCACTCTCACACATTCTCTCTCTCTCTCTCTC
ACTCTCTCACTCTCACACACAGTCTGTGTCTTTCGCCTTCTCATCATGTTTTCATATCAGTCCTGACTTG
GCTTCCTGGTNGTTTGTGGCTTTCAAATTCAAGTCAAATGGTCCATTGTGATTTTAANGCTTTGCATGCC
CTGCAGGGTCGAACTCTAANANGGATTCCCCGGGGGTACCGAAGCCTCCGAAATTCACCTGGGGCCGGTC
CGTTTTTACAAACGTCGGTGACTGGGGAAAAAACCCTGGCCGTTAACCCAANCTTAAATCGCCCTTGGCA
GGCAANATCCCCCTTTNCNNCAAGCNTGGCGTTAATTANCCAAAAAAGGGCCCGCAACCGAATCGCCCCT
TCCCAACANTTTGCNCCAANCCTGAATGGGGGAAATGGNNGCCTGGATGCGGGGAATTTTCCCCCTTAAN
GCNATTCTTGTGGCCGGTAATTTTCACACCCGGCATTATGGG 
 
Sequence : Whale Shark E118 
Primer Pair # 3   Product Length:  256   Topt: 58.2   
Forward: Tm: 59.2  5'-ACT-GAA-CCA-GGA-GTG-GAG-TTG-'3 
Reverse: Tm: 59.6  5'-AAG-CAA-GTG-AGA-GGG-AGC-AC-'3 
AGAGACTNATGTGTGTTCTCCGCTCAATACATCANNGGTAACTTGTAGTTTCCCACAAAAAACGAATGNA
CTGAACCAGGAGTGGAGTTGCTAACATTCTTTGGGCCAGTGATNTTCCACTGGCAAGAGGTAGTGCAATG
ATGTGTTGTGAAACACTGCACCTCTCAACACACTAACCACCACATGTTATGCCCCCACACCTCTCCGACC
TCACTCTCCCGTACACCTCCCCATCTCTCTCTTTTTCTCTCTCTCTCTCTTGCTCACACTGACGCTGTCT
ATCACGCACTCTGCCTCTCACACTCGTGCTCCCTCTCACTTGCTTGCCCTTGCCCTCGCGTTTGCTCTCT
TCCCCAGCCACACACACCTATGTGCGCACATCCTCTCTCGTTCTCTACACACACATAGGCGCACAAATTT
CTGGTTGGCCTGGATTCCTTATTTCNACCCCAAAANCNACAACTNAATTCCAAGGCTTNANCCTAAACCT
TTGGCTAAGGGGAAAGGGGGAAAACCCAAGGTTNTNCCCCAAAAGGGGGGAAAATTCTTCCCAATTTTTC
NCCCCAAACCCTTTTTTNNAAGGNAAACCCCTTTTTTAATTTCCAACTTNGGGAAANAAGGGCCCTTCTT
NCCCCTTTCTTAATNCCCTTACCTTTCCTTGGAANGGGCCAGGTCAANGTTTNAAAGCCTTTGGCAATTG
GCCCTTGCAAGGGTCG 
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Sequence : Whale Shark E125 
Primer Pair # 3   Product Length:  133   Topt: 56.7   
Forward: Tm: 59.8  5'-GGA-CTG-TTC-CTG-TGC-TGT-ACT-G-'3 
Reverse: Tm: 59.7  5'-CCA-CTC-TTT-CCC-CAT-TAC-ATT-C-'3 
ACGCCTCGGGTCAGTGACCTCCCTCAGAATGGAAGCAGATGGGATTAGTTTAGAAATGGGTTATAAATTA
GCACAGACATGTGGGCCGACAGGACTGTTCCTGTGCTGTACTGTTCTGTGTTCTATGAAGCAGAGAGAGA
GATTGGGACAGAGAGAGAGAGAGAGGCAGAGAGAAAGAGAGAGAGAGAGTGTGAGTCAAAGAGAATGTAA
TGGGGAAAGAGTGGGAGAGACAGGGAAAGTGAAGCCGACGTTGGGAAGCAGAGAAACAGAAACACAGAGA
GAGAGAGAGAGATGCACAAAAAGAAAGAGAGAGACAGAGAGAAACTATGTGCCAGACGGAGACAGTGAGC
GTGAGCCAGAGAGACTCTGGGTCTGACAGTGTGAGAAGATGAGAGAGACAGGAAAGATTTGTATGCAGGG
AGGGGTGACAATTGAGAGTTGGAGTGAATGAGCAGTTTTAATCGAAGATCCGGAAGAGAACAGAGTGCTG
GTGTCCAGTTACACATCCAGGCGTAATACATTTGTTCCTGATGTTTGCAGAG 
 
Sequence : Whale Shark E128 
Primer Pair # 3   Product Length:  153   Topt: 56.4   
Forward: Tm: 57.3  5'-GGT-CTG-TTT-CCT-TGC-TGT-ATG-'3 
Reverse: Tm: 57.9  5'-TCT-GTT-TGT-CTC-TCC-ATC-TGT-G-'3 
AGACATCTGCATGGGTACATGAATAGGAAGGGTTTATAGGGATATGGGCCAAATGCTGGGCCAAATGAGA
CTAGATTAATTTAGGATATCTGGTCAGCATGGATGAGTTAGACCAGAGGGTCTGTTTCCTTGCTGTATGA
CTCCATGACTCTAGAACCTCTCCCTTTCTCCTCCTTTAAAACACTTGTGAAAACGCTCCGAACTTCACTT
TGAGAGAGACAGAGAGACAGAGAGTGAGAGACAGAAAGACACAGATGGAGAGACAAACAGAGAGAGGCAG
AGACAGAAAGAGACAGAGAGAGAGAGAGACAGAGAGGGAGACAGAGAAAGACAGAGAGACAGAAAGATAG
AGAGACAGATGGAGAGAGAAAAACAGAGAAAGGTAGAGAGCAAGAGACAAGGAGGAGAGTGGGAGAGAGA
GGGAGAGAAAGAGAAGGAGAGAGAANCAGAGAAAGAGACNGAGAGAGAGATNGAGAGATAGATAGAGAGA
GGGAGAGAGAGACAGGGNCCCCNAGAGAGTGANACAGAGAGACACNGNCCCAGAGAGTGAGATCGNCCGA
NNGACGAGAANCTTTGNNTTGCCTGCAGGGTCGACT 
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APPENDIX 2 

Summary of satellite tag deployments at Ningaloo Reef, WA from 2004-2007. 
 

PTT# Tag 
Type 

Deployment 
Latitude 

(East) 

Deployment 
Longitude 

(South) 

Deployment 
Date 

Deployment 
Time 

Shark Sex Shark 
Length (m) 

- PSAT 22°38.2’  113°36.7’ 03/05/2004 10:42 Male 4.5 
- PSAT 22°40.1’  113°37.3’ 03/05/2004 12:50 Female 8.5 
- PSAT 22°38.2’  113°36.7’ 03/05/2004 13:30 Female 7.5 
- PSAT 22°38.2’  113°38.7’ 04/05/2004 10:20 Female 4.7 
- PSAT 22°30.0’  113°40.3’ 04/05/2004 10:47 Female 4.5 
- PSAT 22°30.0’  113°40.3’ 04/05/2004 10:58 Female 11 
- PSAT 22°37.6’  113°36.3’ 04/05/2004 12:30 Female 7.3 
- PSAT 22°37.5’  113°41.8’ 05/05/2004 11:09 Unknown 4.7 
- PSAT 22°38.7’  113°38.5’ 05/05/2004 13:52 Female 7.6 
- PSAT 22°31.8’  113°38.9’ 07/05/2004 13:29 Female 5.6 
- PSAT 22°41.7’  113°38.2’ 07/05/2004 14:50 Female 7.6 
- PSAT 22°29.7’  113°39.5’ 08/05/2004 12:47 Female 6.2 
- PSAT 22°25.9’  113°47.7’ 08/05/2004 13:15 Male 7 
- PSAT 22°24.7’  113°43.1’ 08/05/2004 13:35 Female 7 
- PSAT 22°40.5’  113°37.6’ 09/05/2004 10:45 Female 5.3 

4220 PSAT 22°39.432’ 113°34.206’ 28/04/2005 10:55 Female 4-5 
57012 PSAT 22°39.176’ 113°34.437’ 28/04/2005 12:25 Female 4-5 
11616 PSAT 22°39.766’ 113°35.593’ 05/05/2005 11:05 Male 4-4.5 
57014 PSAT 22°39.044’ 113°35.90’ 05/05/2005 10:30 Male 4-4.5 
57210 SPLASH 22°39.044’ 113°35.90’ 05/05/2005 10:45 Male 4-4.5 
57013 PSAT 22°44.559’ 113°34.20’ 05/05/2005 12:10 Unknown 7-8 
57214 SPLASH 22°44.559’ 113°34.20’ 05/05/2005 12:10 Unknown 7-8 
57015 PSAT 22°44.439’ 113°.36.740’ 05/05/2005 13:55 Male ~8 
57016 PSAT 22°43.165’ 113°36.730’ 06/05/2005 12:25 Female 4-4.5 
57209 SPLASH 22°43.165’ 113°36.730’ 06/05/2005 12:25 Female 4-4.5 
11617 PSAT 22°42.175’ 113°34.617’ 07/05/2005 10:35 Female 6-7 
11618 PSAT 22°41.764’ 113°35.032’ 07/05/2005 10:45 Unknown 5-6 
57211 SPLASH 22°42.015’ 113°35.578’ 01/05/2005 13:45 Unknown 3-4 
57212 SPLASH 22°42.569’ 113°37.182’ 05/05/2005 13:45 Unknown 4-5 
57213 SPLASH 22°35.667’ 113°37.449’ 06/05/2005 10:45 Female ~4 
11619 PSAT 22° 38.133’ 113° 35.370’ 28/04/2006 11:25 Male 6-7 
9156 PSAT 22° 37.810’ 113° 35.595’ 28/04/2006 11:56 Unknown 3-5 
65811 SPLASH 22° 38.295’ 113° 36.243’ 29/04/2006 10:45 Female 4.5 
9157 PSAT 22° 44.193’ 113° 38.013’ 29/04/2006 12:32 Female 3-4 
65813 SPLASH 22° 42.831’ 113° 38.382’ 29/04/2006 12:47 Unknown 4 
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PTT# Tag 
Type 

Deployment 
Latitude 

(East) 

Deployment 
Longitude 

(South) 

Deployment 
Date 

Deployment 
Time 

Shark Sex Shark 
Length (m) 

66000 PSAT 22° 35.375’ 113° 35.822’ 02/05/2006 14:15 Male 5-6 
65810 SPLASH 22° 35.213’ 113° 35.465’ 02/05/2006 14:55 Unknown 7 
66001 PSAT 22° 35.430’ 113° 35.322’ 02/05/2006 15:05 Unknown 4 
65809 SPLASH 22° 36.558’ 113° 37.267’ 03/05/2006 10:50 Female 5-6 
65812 SPLASH 22° 36.160’ 113° 37.357’ 03/05/2006 11:13 Unknown 5-6 
65816 SPOT 22° 40.816’ 113° 37.402’ 03/05/2006 13:25 Unknown 5-6 

- SPOT 22° 41.387’ 113° 37.766’ 03/05/2006 13:55 Male 6.5 
65818 SPOT 22° 37.346’ 113° 37.002’ 04/05/2006 10:35 Male 5.5 
65813 SPLASH 22° 49.622’ 113° 40.806’ 02/05/2007 15:50 Unknown 3.5 
75378 SPLASH 22° 44.403’ 113° 36.650’ 29/05/2007 12:29 Unknown 5 
65817 SPOT 22° 44.987’ 113° 36.972’ 29/05/2007 13:00 Unknown 6.5 
75376 SPLASH 22° 49.351’ 113° 40.372’ 30/05/2007 13:00 Male 4.5 
75377 SPLASH 22° 49.234’ 113° 40.680’ 30/05/2007 15:15 Unknown 3 
75379 SPOT 22° 47.005’ 113° 40.545’ 31/05/2007 10:30 Unknown 4 
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APPENDIX 3 

List of publications that are included in this report and/or supplied as supplementary 
information on CD. 
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