
 

The influence of biophysical processes on 

distributions of the whale shark Rhincodon typus 

(Smith 1828), at Ningaloo Reef, Western Australia. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Jai Caleb Sleeman 

 

 

12th August 2012 

 

B.Sc. (Hons) – University of Western Australia, Perth (2003) 

 

 

 

This thesis is presented for the degree of Doctor of Philosophy at 

Charles Darwin University 

 

Faculty: THE FACULTY OF ENGINEERING, HEALTH, SCIENCE & 

ENVIRONMENT





 i 

Thesis Abstract 

 

This thesis addresses the broad questions; ‘(i) What are the spatial / temporal 

distributions of whale sharks, (ii) how do these compare to marine megafauna with 

different trophic and metabolic strategies, and (iii) how are they influenced by 

biophysical variables in the north east Indian Ocean?’ 

Broad scale biophysical variables were compared with historical seasonal whale 

shark sightings at Ningaloo Reef, Western Australia using generalised linear mixed-

effects modelling (GLMM). The combined variables: Southern Oscillation Index and 

wind shear had greatest support for explaining increased whale shark abundance during 

La Nińa years. 

Finer scale spatial and temporal (i.e. within reef, weekly) distribution patterns of 

krill feeders and other trophic groups of marine megafauna at Ningaloo Reef were 

determined through GIS and GLMM analysis of sightings and satellite derived 

biophysical variables. At local scales, relative biomass of krill feeders (i.e. whale sharks, 

minke whales and manta rays) were linked to bathymetry, but further investigations 

were required to determine how physical processes influenced their movement. 

Using an agent-based diffusion model and GLMMs, the movements of four 

whale sharks (tracked via satellite tags) were compared to geostrophic surface currents 

to determine whether sharks were passively drifting in currents or actively swimming. 

Results from the agent based diffusion model and GLMMs found that there was little 

support for passive drifting, and suggests that shark diving patterns would provide more 

information on associations with biophysical factors. 

Using GLMMs whale shark dive patterns were modelled to determine the 

influence of temperature and dissolved oxygen on their 3-dimensional profiles. Whale 

shark dives were linked to temperature and dissolved oxygen presumably due to 

physiological limitations of large aquatic poikilotherns and energetic conservation 

mechanisms. 



 ii 

Overall, the collective findings found that several biophysical variables influence whale 

shark distributions, but these vary across spatial, temporal and 3-dimensional scales.
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FEEDERS. NOTATIONS; %DE = % DEVIANCE EXPLAINED, W I = AICC WEIGHT..........228–230  
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Chapter 1.  Introduction  

This thesis addresses the following broad question about the ecology of whale 

sharks Rhincodon typus in the eastern Indian Ocean of: ‘What are the spatial and 

temporal distributions of whale sharks and how are they influenced by biophysical 

variables of the ocean and atmosphere at various spatial scales’. These variables 

are assumed to directly or indirectly relate to whale shark ecology, namely through 

being identified as surrogates for quantifying the availability of zooplankton and 

other prey items and/or aiding locomotion or movement of whale sharks to access 

foraging habitat. 

This chapter begins with an introduction to the broad theory of Biophysical Ecology 

and Biogeography, then continues with a review of the relevant literature associated 

with free ranging animals and poikilotherms and follows on with a description of the 

aims/objectives (using direct literature contextualisation) and finally the thesis 

structure. 

 

1.1 Biophysical Ecology Theory 

 
The environments within which organisms exist consist of numerous 

interacting gradients of biotic as well as physical factors/variables that are important 

for influencing their distribution and abundance (Peters, 1983). Biophysical Ecology 

is the study of how energy, fluid, gas exchange, chemical kinetics and other 

processes flow or transfer from one form to another in Biological and Physical 

systems (Gates, 1980). More broadly, Ecological Biogeography draws upon 

Biophysical Ecology in attempt to explain relationships between organisms and their 

environments at varying scales of space and time (Cox & Moore, 2005).  

In the study of Ecological Biogeography the geographical range of a species is 

generally understood in terms of limits to its survival (e.g. the level of habitat/niche 
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specialisation required) and these tend to be governed by the animals physiological 

adaptability and mobility (ability to traverse barriers) (Cox & Moore, 2005).  

 

Organisms exchange energy with their environment by way of radiation, 

convection, evaporation, exchanging nutrients, carbon dioxide among other 

molecules (Gates, 1980).  Energy flows through animals and the medium in which 

they are immersed (air, soil or water) by the process of convection, with the rate of 

energy flow being proportional to the temperature difference between the animal 

and its environment (Gates, 1980). All animals are heterotrophs, meaning they must 

consume other organisms or their products to acquire energy to sustain life, growth 

and reproduction. The energy input required to maintain normal physiological 

functioning by an animal is directly related to its size and shape, whereby metabolic 

rates typically decrease with increasing body mass (Makarieva et al., 2005). Energy 

requirements of an animal are also attributed to the thermal properties/capacity and 

ambient temperature of its environment (aquatic environments retain heat better 

than terrestrial/air environments which convect heat more rapidly) and its metabolic 

strategy for regulating its body temperature (Gates, 1980). For warm-blooded 

animals, or ‘homeotherms’, body temperatures need to be actively regulated to 

remain within fairly restricted limits and this generally either involves metabolic or 

behavioural adaptations that can be energetically expensive (Gates, 1980). On the 

other hand, animals whose body temperature varies considerably with the ambient 

environmental temperature, or ‘poikilotherms’—have lower energetic requirements, 

sometimes by a factor of 10 compared to homeotherms with the same body mass 

(Peters, 1983). While size specific metabolic rates have been shown to decrease 

with increasing body size in homeotherms, in poikilotherms, metabolic rates 

increase with ambient temperature (Makarieva et al., 2005). Consequently, large 

bodied animals that inhabit tropical areas (whether homeothermic or poikilothermic), 

will require significant energy inputs and thus would be expected to spend 
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considerable time foraging for food to maintain their physiological functions. As 

such, biophysical factors that influence the abundance and distribution of forage or 

prey items are also expected to be good proxies for explaining the distribution and 

abundance of these large bodied animals that consume these prey—particularly if 

both prey and predator are highly mobile, free ranging species.     

 

In the study of Biophysical Ecology an animal’s internal temperature can be 

considered as the dependant variable whilst the climatic factors that represent its 

environment (being numerous & interactive) are the independent variables (Gates, 

1980). In this instance, the influence of any one climatic variable can only be 

understood relative to all the other simultaneously occurring factors. This complex 

interaction between factors has posed a big challenge to Ecologists trying to 

investigate, experiment and interpret the relationship between species distributions 

and specific biophysical factors (Cox & Moore, 2005). When faced with this issue of 

complex interactive factors scientists have tended to be reductionistic, using one or 

two variables in attempt to explain animal distribution patterns which has tended to 

influence the production of inconclusive and conflicting results (Gates, 1980; Cox & 

Moore, 2005).  

 

It is of vital importance for ecologists to further investigate Biophysical 

Ecology at Biogeographic scales in order to better understand the factors which 

have the greatest influence on the survival of a species, so to identify viable habitats 

for management (Helmuth et al., 2006). Such studies are also of paramount 

importance for filling data gaps in our understanding of the impacts of climate 

change on animal life histories—from feeding to breeding, and the potential flow-on 

effects through food chain linkages. By identifying relationships between animal 

occurrence and biophysical factors – environmental managers can use this 
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information to understand and manage human impacts on these factors and 

mitigate their effects on vulnerable and endangered species (Foley et al., 2010). 

 

1.2 Techniques for investigating influences of biophysical factors on animal 

occurrence 

Numerous statistical modelling approaches have been used for trying to resolve the 

interactive complexity of numerous co-occurring biophysical factors on species 

distributions and these have included logistic regression (Guisan & Zimmermann, 

2000; Rushton et al., 2004), particularly Generalised Linear Models (GLM) and 

Generalised Additive Models (McCulloch, 2001). GLMs have long been utilised for 

dealing with data with different error structures such as presence/absence, various 

measures of abundance & presence only data, whilst GAMs extend from GLMs to 

better deal with combined effects of variables (for review see Austin, 2007). 

When presence data is used for modelling animal and biophysical relationships with 

no available ‘absence’ data, this can have major limitations towards the validity of 

results due to issues with over or under representation from observer bias (Rowat et 

al.,2009a). Similarly, when utilizing models to explain presence/absence data, the 

absence of a species from a predicted habitat does not mean that the habitat is 

being avoided (Wiens, 1989; Haila et al., 1996). 

 

The advent of novel technologies such as satellite telemetry, remote sensing 

and Geographic Information Systems (GIS) have allowed for the collection and 

analysis of multi-scale biophysical spatial data at selective intervals (Coyne & 

Godley, 2005).  

Satellite-derived biophysical indices such as sea surface temperature, can be  

captured at near global coverage and at resolutions as low as ~1 km (MODIS) & 

whilst the quality can vary between sensor products since cloud cover causes 
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obscurities, algorithms can be used to mask-out these areas and to interpolate 

omitted data (Etnoyer et al., 2006). 

Remotely sensed data sets for the marine environment are available freely 

on the internet and are updated daily for sea surface temperature and sea surface 

height, geostrophic currents, chlorophyll, wind speed and direction along with 

several worldwide bathymetry databases for evaluating depth and seafloor 

topography (Coyne & Godley, 2005). These technologies provide a unique 

opportunity for ecologists to investigate the relationship between numerous con-

currently acting biophysical variables as experienced directly or indirectly by marine 

animals at the ocean surface and are generally only limited by their spatial and 

temporal resolution of capture since sensitivity testing has shown strong correlations 

with in situ measurements (Etnoyer et al., 2006; Polovina, et al, 2006). Ongoing 

improvements to satellite network transmitter miniaturization and the engineering of 

new deployment techniques has seen a huge proliferation in the ecological field of 

satellite tracking or ‘bio-logging’ which uses various sensors and geographic 

positioning system technology (GPS) to provide spatially explicit measurements of 

the biophysical factors surrounding an animal (Boyd et al., 2004; Coyne & Godley, 

2005).  

When these technologies are utilised with traditional empirical censusing data (i.e. 

estimates of abundance) they provide a window of insight into the microclimatic 

conditions surrounding animals and when coupled with modelling analyses—can 

clarify which variables are greatest importance for explaining patterns of occurrence 

(Austin, 2007).  

 

1.3 Known influences of biophysical factors on terrestrial free ranging animals 

Among the numerous highly mobile/free-ranging animal species, birds have 

historically been one of the best studied for the influence of biophysical factors on 
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their habitat selection and migration (Grinnell, 1917; Kendeigh, 1945; Svardson, 

1949, Hilden 1965; Block & Brennan 1993). Traditionally, biotic factors including 

nest predation (Sonerud, 1985; Martin, 1993), competition (Svardson, 1949; Martin, 

1993, Petit & Petit, 1996), intraspecific attraction (Danchin et al., 1998; Forsman et 

al.,1998) and food limitation (Martin 1993; McCollin, 1998) have been shown to 

generally influence habitat selection in birds. In contrast, the migration of birds is 

believed to be largely influenced by endogenous or genetic programming that 

corresponds with the onset, temporal pattern, direction of migration and the 

seasonal pattern of energy stores which can also be attributed to numerous 

biophysical factors including wind, topography and weather (Berthold, 1996; Jenni & 

Schaub, 2003). Stopover duration by birds conducting migration has been shown to 

be influenced by weather conditions aloft, particularly rain, wind speed and direction 

(Richardson, 1990; Erni et al., 2002), whilst photoperiod length has the effect of 

increasing the duration of flying time and delays landing (Safriel & Lavee, 1988). In 

light of these complex relationships between biophysical factors and bird occurrence 

(distribution & abundance) it is clear that ecologists need to comprehensively 

consider the entire array of life-history processes of a species in order to 

appropriately understand the context of the patterns observed. Broad scale studies 

that have explored the relationship between bird abundance and biophysical factors 

associated with food or prey items have tended to focus on seabirds since generally 

their occurrence is highly correlated with large-scale indices of ocean productivity 

(sea-surface temperature, salinity, thermocline depth and structure) (Schneider & 

Duffy, 1985; Schneider & Piatt, 1986; Loggerwell & Hargraeves, 1996, Spear et al., 

2001; Ainley et al., 2005). 

Many of the studies relating to biophysical influences on birds tend to be 

restricted to small bodied, homeothermic passerine birds that have high metabolic 

rates (Jenni & Schaub, 2003). If small–bodied, free ranging homeotherms are 

influenced by a range of biophysical processes associated with their particular life-
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history phases and foraging, how does the relationship between biophysical factors 

and the abundance/distribution compare with that of larger bodied animals, and how 

does this differ for those that inhabit fluid environments compared to air? 

 

1.4 Known influences of biophysical factors on large bodied marine animals 

The largest free-ranging marine mammal and homeotherm – the blue whale 

(Balaenoptera musculus) ranging in size up to 30 m and weighing up to 160 tons, 

has a high metabolic rate and the highest prey demands of up to 2 tons per day 

(Rice, 1978; Mizroch et al., 1984).  

Blue whale occurrence off Baja California Sur (Mexico) has been found to 

have a strong relationship with Sea Surface temperature (SST) gradients (Etnoyer 

et al., 2006). These gradients are deemed ‘biologically significant’ (> 0.003 °C/km) 

since these demarcate ocean frontal systems which are highly productive (Etnoyer 

et al., 2006). In the satellite tracking study by Etnoyer et al., (2006), blue whales 

were found to occupy mean SST gradients ranging from 0.022 to 0.05 °C/km, whilst 

they spent the longest periods (2–4 weeks) offshore then generally migrated in a 

south–easterly direction exhibiting meandering movement behaviour along frontal 

features (0.05 and 0.06 °C/km). These researchers also overlaid chlorophyll-a data 

on blue whale movement trajectories but found no clear correspondence. The 

authors concluded that satellites may poorly resolve to register high rates of change 

that characterise productivity areas in the ocean, and/or that stronger gradients of 

SST lie below the surface and/or that other unknown factors may be enticing these 

animals. The spurious conclusions failed to register the significance of the results in 

association with blue whale life history phases at the time of the study. 

 

In another study of blue whales in Monterey Bay, California by Croll et al., 

(2005), they looked at the distribution, abundance, and foraging behaviour (collated 
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from satellite tagging & commercial whale-watching trip records from 1992–1996). 

The study compared blue whale occurrence with a range of oceanographic 

climatological data including; direct observations of euphasiid prey, primary 

productivity, temperature, chlorophyll-a and an upwelling index (based on offshore 

Ekman transport driven by geostrophic wind stress) but resolved mainly that peak 

abundance of whales in August was linked directly with dense aggregations of 

euphausiids which lag (3–4 months behind) peaks in primary production (249 mgC 

m–3 d–1). Some of the shortcomings of this study are that various biophysical data 

sets were utilised but were not appropriately accounted for: (i) analytically (using 

either a GLM or GAM modeling approach) or, (ii) in a spatially explicit context with 

abundance records—thus making it difficult to reconcile the relative influence of 

these variables to blue whale distributions.      

A broad-scale study by Branch et al.,(2007) collated and reviewed historical 

sighting records of blue whales in the Southern Hemisphere and northern Indian 

Ocean and compared these with remotely sensed biophysical properties of 

chlorophyll-a and position of productivity fronts (as demarcated by sea surface 

temperature gradients). It had previously been an accepted theory that blue whales 

feed during Austal summer and fast during the winter breeding season (Mackintosh, 

1966), yet the study by Branch et al., (2007) found that the distribution of blue 

whales year-round is linked to areas with known or inferred high densities of 

euphausiid prey. Incidentally, one of the main factors influencing distribution was 

found to be latitude such that there were greater densities of blue whales adjacent 

to the Antarctic and the authors eluded these patterns mainly to the biogeography of 

euphausiids (Branch et al., 2007). Whilst there was some interaction between blue 

whale abundance and high chlorophyll-a concentrations, there was a virtual 

absence of this species in the southern Atlantic in the latitudinal band between 

South America and Africa (35–45°S) despite high chlorophyll-a concentrations. 
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Similarly, blue whale occurrence matched large-scale fronts closely in some 

regions, but not in others. 

While all these studies independently shed some light on trophically 

important biophysical factors that influence blue whale occurrence, there is little 

explanation of the implications of these biophysical linkages to their large metabolic 

demands. Furthermore, all blue whale studies failed to utilise statistically robust 

modelling methods to analyse the relationships between the various biophysical 

factors and blue whale distributions and thus were unable to verify the relative 

importance of all these factors at particular scales (Branch et al., 2007). 

Among one of the most interesting insights gained from these studies and by 

Branch et al., (2007) in particular was that blue whales are avoiding oligotrophic 

oceans and are actively feeding year-round by seeking-out upwelling and frontal 

systems with high euphausiid densities. This leads us to assume that the main 

mechanisms to explain the relationships between these biophysical variables and 

blue whale distribution patterns is their vast metabolic requirements, with the 

conundrum that continued broad-scale movement is required to enable the 

exploitation of seasonal pulses in prey that sustain these large homeothermic 

animals. 

 

Despite some of the unresolved issues surrounding the extent to which independent 

biophysical variables are associated with prey and forage habitat of large free-

moving marine homeotherms, we can assume that large free-moving marine 

poikilotherms such as pelagic sharks which must also continuously move to 

ventilate their gills (Carlson et al., 2004) are also likely to be strongly linked to 

similar trophic variables as blue whales given their similarly large metabolic 

requirements.  

Basking sharks (Cetorhinus maximus) are among the 2nd largest free-ranging 

poikilotherms in the ocean (after whale sharks). Basking sharks are known to attain 
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lengths up to 12 m and a weight of 4 tons and their distribution is circumglobal in 

warm-temperate to boreal seas (Cotton et al., 2005). Multiple linear regression 

analysis on decadal abundance records (1988–2001) revealed that sea surface 

temperature (derived from remote sensing) had a strong influence on basking shark 

abundance off southwest Britain, such that relatively higher counts of basking 

sharks were recorded in months that were warmer than average. The authors 

concluded from these observations that for these poikilothermic planktivores, prey 

density (associated with broad-scale SST and fronts) is a key factor in determining 

their short-term distribution patterns (Cotton et al., 2005).  

One of the merits of this study by Cotton et al., (2005) is the use of long-term 

basking shark abundance records for determining the influence of biophysical 

factors at short-term scales and the utilisation of a robust statistical analytical 

design. 

Other studies investigating the influence of biophysical factors on basking sharks 

distributions have extended their scope beyond analysing surface sighting records 

and have looked at the association between biophysical variables and (i) satellite 

tag trajectories (Southall et al., 2005), and (ii) dive profiles (Shepard et al., 2006). 

Southall et al., (2005) found that seasonal factors are important for determining the 

distribution and sighting of sharks such that more tended to feed or cruise at the 

surface during summer months when tidal fronts influence daytime 

‘basking’ behaviour. The study by Shepard et al., (2006) was the first to analyse 

fine-scale vertical movements in multiple individual sharks over seasonal scales but 

found similar seasonal patterns as Southall et al., (2005), with summer dive profiles 

characterised by diel vertical migration (DVM) and yo-yo dives which were also 

influenced by tidal cycles. These dive patterns are believed to be attributed to 

increased abundance and variability in location of their zooplankton prey (Shepard 

et al., 2006). Shepard et al., (2006) concluded that the DVM had a strong influence 
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on dive tracks such that basking sharks must be spending a significant amount of 

time foraging for their prey and this is likely to come at a significant energetic cost. 

 

Basking sharks distributions, unlike those for blue whales—aren’t highly correlated 

with latitudes of known euphasuiid abundance (particularly around Antarctica) and 

this is likely to be related to differences in the zooplankton prey communities that 

basking sharks are known to consume (copepods, calanoid copepods) (Cotton et 

al., 2005). Previously, basking sharks were believed to hibernate (Sims et al., 2003), 

but the study by Southall et al., (2005) shows further evidence to reject this by 

showing a seasonal reduction in time they spent near the surface, in accordance 

with the large-scale seasonal movement of their prey away from surface waters.  

While basking sharks are ‘poikilotherms’ and differ in their metabolic strategies from 

‘homeothermic’ blue whales, both are large bodied plankton feeding marine animals 

which have wide ranging movement in order to satisfy their extensive energy 

requirements. Despite these similarities, other distinctive physiological and 

behavioural differences between pelagic sharks and whales, including: brain size– 

intelligence, respiratory limitations, social structure (cooperative prey exploitation) 

and antipredation strategies, are likely to better explain some of differences 

between the findings of the studies discussed above.  

The aforementioned studies also highlight the need for further investigations to be 

made to understand the complex interplay of biophysical factors on the abundance 

and distributions of other large free-moving animals in order to fill large gaps in 

knowledge for animals which operate at other trophic levels.  

 

1.5 Ecology of the largest marine poikilotherm— the whale shark 

The whale shark (Rhincodon typus) is another large bodied marine poikilotherm, 

weighing up to 34 tons and reaching sizes up to 20m in length (Meekan et al., 
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2006), yet linkages between biophysical factors associated with its metabolic 

demands and its distribution and abundance are poorly understood.  

Whale sharks were first described as ‘suction’ filter feeders (Compagno, 1984) 

meaning that unlike basking sharks which rely on forward swimming motion with 

their mouth agape to consume their prey–whale sharks can also suck large volumes 

of prey rich water by actively gulping. Previous, studies assumed that this 

physiological/behavioural feeding strategy was an advantage over the ‘dynamic’ 

filter feeding strategy employed by basking sharks (Coleman, 1997), yet recently 

this has been perceived to be a disadvantage as the volume of water per unit time 

filtered during active sucking is far less compared to passive/dynamic feeding 

(Taylor, 2007) and means that whale sharks may require higher densities of prey to 

achieve similar metabolic inputs as basking sharks. 

Numerous studies have revealed that whale sharks exploit a variety of planktonic 

prey items, including krill, crab larvae, copepods, small fish (e.g. snapper, 

anchovies) macroalgae and cephalopods (see reviews by Coleman, 1997; Stevens, 

2007).  

Whale sharks have a pan-tropical distribution throughout the world’s oceans yet 

occur only at few geographic locations where they can be sighted in multiple 

numbers with some seasonal regularity (Stevens, 2007). The north east Indian 

Ocean off Ningaloo Reef in Australia are among some of the most reliable areas in 

the world for observing seasonal aggregations of whale sharks and as such as 

some of the best studied (Stevens, 2007). Several observational studies have 

attributed the occurrence of whale sharks off Ningaloo to their opportunistic 

exploitation of seasonal pulses in zooplankton, rather than for breeding 

aggregations since a large proportion of sharks appear to be juvenile males and 

have frequently been observed in proximity to or consuming swarms of tropical krill 

Pseudeuphausia latifrons (Taylor, 1994; Wilson & Newbound, 2001; Jarman & 

Wilson, 2004).  
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Whilst there is some knowledge about whale shark feeding ecology, virtually nothing 

is known of their reproduction—for instance, mating has never been observed, it is 

not known where whale sharks are born and only on a few occasions have young 

whale shark pups ever been found (Wolfson 1983; Rowat et al. 2008). 

Like the basking shark, whale sharks are ovo-viviparous meaning that live young 

are produced from eggs that hatch within the body (Joung et al., 1997). Whale 

sharks are believed to be highly fecund, an 11 m shark caught off Taiwan was found 

to contain 297 embryos (Joung et al., 1997), yet since increased lengths in sharks 

are likely to yield an increase in fecundity (Cortés, 2000), this may not be an 

accurate average for the species and smaller sharks may produce fewer pups. 

Another record of whale shark fecundity found two female whale sharks off China, 

one with 16 embryos and one with 200 eggs (Compagno, 2001). Given the 

variability in the recorded fecundity of whale sharks and the general absence of 

recorded sightings of young whale shark pups, one can assume that survival of 

early recruits is unlikely to be high. 

It has also been speculated (from sparse evidence) that the size of whale sharks at 

sexual maturity (in both sexes) is over 9 m in length and based on predicted growth 

and age analyses from aquaria measurements one could use this to infer that it 

would take around 15.2 years to reach this size (based on mean growth of ~20, 25, 

50 cm/year for size classes 0.6–3.6 m, 3.7–4.9 m, & 5–9 m,  respectively) 

(Coleman, 1997; Stevens, 2007).  This information along with other theoretical 

estimates of whale shark growth which indicate this species could have longevity 

from 60–100 years (Stevens, 2007)–lead to characterise the whale shark as 

possessing a classic K- selected life history with slow growth and moderate to low 

reproductive turnover (MacArthur & Wilson, 1967).  
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1.6 Threats to whale sharks and their conservation status 

In only recent history (records between 1980’s-2000) whale sharks have been 

subjected to targeted fisheries throughout India, the Maldives, China, Philippines 

and Taiwan, largely as a result of demand for their meat in Taiwan but liver oil has 

also been used by fishermen to treat their boats (Vivekanandan & Zala, 1994; 

Stevens, 2007).  

Given that whale sharks have K- selected life histories their populations are slow to 

recover and as such are highly threatened by overfishing—this demise has been 

confirmed by successive reductions in catch-per-unit-effort and declining trends in 

size and abundance (Theberge & Dearden, 2006; Stevens, 2007; Bradshaw et al., 

2008).  

Currently, the whale shark is on the Red List of Threatened Species (2000) under 

the International Union for Conservation of Nature (IUCN) and has a declared status 

as ‘Vulnerable’ and is also recognised internationally under the Bonn Convention for 

Conservation of Migratory Species and the Convention on the International Trade in 

Endangered Species (CITES). This species also affords varying levels of protection 

within its range under different unilateral (national & state) conventions but 

harvesting of this species is mainly prohibited in Maldives, Philippines, Thailand, 

U.S.A., Australia, India and Taiwan (Li et al., 2012). Whale sharks are protected 

under the Australian Commonwealth Environment Protection and Biodiversity 

Conservation (EPBC) Act (1999) which relates to migratory species (Norman, 

2000). 

 

1.7 Review of Whale shark distributions 

The largest fish in the world, the whale shark (Rhincodon typus Smith 1828) has a 

world-wide distribution throughout subtropical and tropical regions of the ocean 

(Compagno, 1984; Stevens, 2007). The large grey-bodied, wide-gaped whale shark 
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with distinctive mottled white/yellow spots and alternating stripes and the wide-

ranging occurrence has allowed for their easy identification throughout the world’s 

oceans (Stevens, 2007). These distinctive features has meant extensive sightings 

have been established and these records have been collated and maintained by 

museums and other research organisations that contribute this information to 

publicly-available internet databases such as the Ocean Biogeographic Information 

System (OBIS) and the whale-shark specific sighting and photo-identification 

database ‘Ecocean’ (Holmberg et al., 2009). 

OBIS provides among the most comprehensive records of marine life including 

whale sharks compared to all online, open-access databases as it amalgamates 

and integrates species-level data from a range of sources (including natural history 

museums, Ecocean) throughout the world (Sedberry et al. 2011). Whilst OBIS 

provides comprehensive data that are geographically referenced, there is variable 

resolution in the taxonomic identification of species and also confusion over 

nomenclalature changes that could lead to problems with data (Sedberry et al., 

2011). Further problems with data can relate to observer bias since interpretation of 

records (taxa and locations) are influenced by such a broad demography with varied 

capacity - from scientists to non specialists, yet these issues and are unlikely to be 

isolated to OBIS data and are difficult to resolve without analysing data integrity on 

a case-by-case basis. Fortunately, whale sharks are large and generally have 

distinctive identification features that might help prevent any issues of taxonomic 

misclassification. Finally, problems with variation in search effort might be such that 

high densities of whale sharks are observed in certain areas corresponding to 

concentrated survey effort, whereas potential occurrence are not recorded in areas 

poorly represented with survey effort. These patterns of observer bias been 

highlighted in similar studies by comparing historical sighting records with collated 

satellite track data for basking sharks (Southall et al., 2005). 
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Sighting records of whale sharks date as far back as 1828 in Table Bay, 

South Africa (Barnard, 1934). Since then, there have been numerous sightings 

around the world particularly at several coastal locations throughout the subtropical 

and tropical regions (Figure 1.1). Gudger (1934) published the first review of the 

geographic distribution of whale sharks as identified from either fished specimens or 

from incidental steamboat collisions. This publication detailed the occurrence of 

whale sharks in the Seychelles, Egypt, India, Sri Lanka, Thailand, Caribbean, 

Papua New Guinea, Borneo (Malaysia), Philippines, Taiwan, Japan, French 

Polynesia, USA, Mexico, Galapagos (Ecuador), Peru and Brazil. In recent years, 

there has been a massive increase in public interest and awareness of whale 

sharks and this has led to a great increase in sightings, many of them in locations 

identified by Gudger (Gudger, 1934; Rowat, 2007; Holmberg et al., 2009). 

Compilation of worldwide whale shark observation records indicates that these fish 

occur throughout the world’s oceans between latitudes around 35 degrees N and 35 

degrees S (Figure 1.1). 
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Figure 1.1 Global distribution of whale shark sightings (red dots) —latitude lines of 35 degrees 
North & South, courtesy of Ocean Biogeographic Information System. (1/11/2009) 
www.iobis.orgInformation System. (1/11/2009) www.iobis.org 

F
ig

u
re

 1
.1

. 
G

lo
b
a
l 
d
is

tr
ib

u
tio

n
 o

f 
w

h
a
le

 s
h
a
rk

 s
ig

h
ti
n
g
s 

(r
e
d
 d

o
ts

) 
—

la
ti
tu

d
e
 l
in

e
s 

o
f 
3
5
 d

e
g
re

e
s 

N
o
rt

h
 &

 S
o
u
th

, 
c
o
u
rt

e
s
y 

o
f 

O
ce

a
n
 

B
io

g
e
o
g
ra

p
h
ic

 I
n
fo

rm
a
ti
o
n
 S

ys
te

m
. 

(1
/1

1
/2

0
0
9
) 

w
w

w
.io

b
is

.o
rg

 



 

 18

 

Based on the OBIS database, the countries where the most whale sharks have 

been recorded are, in decreasing order, Australia, the Philippines, Mozambique, 

Honduras, Mexico, Maldives and South Africa (Table 1.1). The highest or 

‘maximum’ numbers of sightings in any year were recorded in the Philippines 

followed by Australia, Mozambique, Honduras, Maldives and Mexico. 

There were just over half the number of whale shark sightings recorded for 

the Philippines compared to Australia, yet there were almost double the density 

within 5 km areas compared to Australia (Table 1.2).  
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Table 1.1. The top 20 countries with the greatest number of whale shark sightings as documented 

through Ocean Biogeographic Information System (OBIS) database [3/5/2010] www.iobis.org. 

The maximum no of sharks observed in any year and the year when greatest abundance recorded. 

* N.B. Data not corrected for effort as metadata unavailable.  

 

COUNTRY Total count of 

observations over 

history 

Maximum no. 

observations in 

any year 

Year greatest 

numbers 

recorded 

Australia 3392 601 2008 

Philippines 1833 785 2009 

Mozambique 880 210 2007 

Honduras 390 84 2005 

Mexico 245 40 2008 

Maldives 136 51 2007 

South Africa 76 10 1991 

Thailand 51 16 2007 

Egypt 41 17 2008 

Djibouti 39 21 2008 

United States of 

America 

36 6 2010 

Ecuador 35 23 2007 

United Republic of 

Tanzania 

26 21 2008 

Brazil 21 21 2010 

Malaysia 21 9 2007 

Taiwan 18 7 1984 

Japan 10 4 1980 

Belize 6 3 2009 

Seychelles 6 3 2006 

Portugal (Azores) 5 5 2008 

 

The year in which the highest number of sightings occurred tended to vary 

among countries, however there was a general trend of an increase in observations 

through time and the mode year for all countries was 2008. This trend is likely to 
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reflect an increase in search effort and awareness through time rather than an 

increase in the abundance of sharks. 

 

While sightings records alone are useful for estimating overall distribution of 

a species the analysis of cumulative sighting records of whale sharks at particular 

spatial locations are likely to provide a more accurate representation of where whale 

sharks occur in greatest abundance or in aggregations.  

 

All OBIS records for whale sharks were plotted in a GIS and a 3 x 3 cell 

array (neighbourhood) function or moving window analysis (left to right and top to 

bottom) was performed whereby multiple records within a 5 km pixel radius were 

grouped so as to get a better understanding of locations where observations (and 

thus sharks) were clustered. The radius of the moving window analysis was 

determined a large enough (maximum) scale from which localised biophysical 

features associated with productivity (and whale shark foraging) could be clearly 

resolved. The geographic extent or boundaries of the moving window analysis are 

based on the minimum and maximum x and y locations of all combined sighting 

observations. 

 

 



 

 21

 

Table 1.2.Density observations of sightings of ‘aggregated’ whale sharks within a 5km radius for 

the top 20 countries around the world as documented through Ocean Biogeographic Information 

System (OBIS) database (*note: isolated /individual sightings are excluded) [3/5/2010] 

www.iobis.org  

 

COUNTRY Average no. of 

multiple sighting 

per 5km area 

(Density) 

*Total sum of 

aggregated 

sightings within 

5km areas 

Total count of 

multiple 

sightings within 

5km areas 

Philippines 113.81 1821 16 

Mozambique 67.38 876 13 

Australia 65.27 3329 51 

Honduras 35.36 389 11 

Maldives 20.83 125 6 

Djibouti 11.33 34 3 

Ecuador 8 32 4 

United Republic of 

Tanzania 

6 24 4 

Mexico 5.91 136 23 

Pakistan 5 5 1 

Thailand 4.14 29 7 

Egypt 3.25 26 8 

Seychelles 3 6 2 

Belize 3 3 1 

United States of 

America 

2.5 35 14 

Taiwan 2.5 5 2 

India 2.33 7 3 

South Africa 2.27 25 11 

Japan 2 4 2 

Malaysia 2 4 2 
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Table 1.2 differs from Table 1.1 in that the records for each country only 

include ‘aggregated’ or grouped sightings within a 5 km area (moving window 

analysis). Any sightings which were independent (not clumped in a 5 km area) have 

not been included in Table 1.2. 

Whilst world-wide distribution maps were produced to indicate spatial hot-

spots for whale shark sightings (See Appendix B), only maps for Australia (overlaid 

with bathymetry, national exclusive economic zone boundaries and marine 

protected area boundaries) are provided here to establish some context of how 

whale sharks a spatially distributed and the level of environmental protection 

pertaining to these areas around Australia  

Australia had the greatest number of sightings of multiple whale sharks 

within a 5 km area compared to all other countries, however the average density of 

multiple sightings (no. of individuals sighted divided by count of observations) was 

the 3rd highest after the Philippines and Mozambique (Table 1.2). Within Australian 

waters, whale sharks were sighted in greatest densities at Ningaloo Reef (around 

the tip of the Cape Range /Tantabiddi and at Coral Bay/Point Maud) and also at a 

few locations around Christmas Island (Figure 1.2). Throughout Australia, whale 

sharks are a protected threatened species however, their occurrence within 

Ningaloo Marine Park is likely to afford further protection to their habitat. The large 

number of sightings at this locality are correlated with the extensive research effort 

and published literature (12+) on whale sharks within Australia, which mainly relate 

their occurrence at Ningaloo with surface schools of euphasiids (Taylor & Grigg, 

1991b; Wilson & Newbound, 2001; Wilson et al., 2001d; Wilson et al., 2002), coral 

spawning events and the Ningaloo counter current (Taylor, 1994; Taylor, 1996), 

localised productivity events (Gunn et al., 1999), and sea surface temperatures 

(Taylor & Pearce, 1999); Many other studies at Ningaloo constitute social research 

about the whale shark tourist industry and management implications (Colman, 1997; 

Davis et al., 1997; Davis, 1998; Mau, 2008). 
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Figure 1.2 Distribution of historical whale shark observations throughout Australia based on data from Ocean Biogeographic Information System. (3/5/2010) www.iobis.org. 
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1.8 Whale shark occurrence in relation to biophysical / environmental variables 

 

Ningaloo Reef on the north west coast of Australia is one of the most well 

documented regions of whale shark aggregations, which predictably occur in these 

waters on an annual basis between March and June (Taylor, 1996; Gunn et al., 

1999; Wilson et al., 2001b). This pattern of seasonal peaks in the abundance of 

whale sharks is also found in several other countries throughout the world (Table 

1.3). Various studies have attributed these seasonal aggregations at Ningaloo Reef 

to feeding, since grouping for reproduction is unlikely as a major proportion of the 

sharks are sexually immature males (Gunn et al., 1999; Wilson et al., 2001b). 

Sexual segregation between whale sharks and different cohorts or size/aged 

individuals is suggested to occur at several locations such as Gladden Spit in Belize 

(Heyman et al., 2001; Graham & Roberts, 2007) and Bahia de los Angeles in the 

Gulf of California - Mexico (Eckert & Stewart, 2001; Cardenas-Torres et al., 2007; 

Ramırez-Macıas et al., 2007). 
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Table 1.3 Observed worldwide locations and seasonal occurrence for whale sharks 

from published literature  

 

Whale shark 

Locations 

Seasonal 

Occurrence 

Reference 

North Island, 

New Zealand 

November–April 

(early spring to 

early autumn) 

(Duffy, 2002) 

Veraval–

Gujarat, India 

December to April, 

March to June 

 

(Silas, 1986) 

(Pravin, 2000) 

Sea of Cortez, 

west coast of 

Mexico 

March to August, 

August and 

November 

(Wolfson, 1986; 1987) 

(Eckert & Stewart, 2001; Cardenas-Torres et 

al., 2007; Ramırez-Macıas et al., 2007; 

Rodrıguez-Dowdell et al., 2007) 

northern Gulf of 

Mexico 

January–March & 

July–September 

(Burks et al., 2006) 

northern 

KwaZulu–Natal 

coast, South 

Africa 

May and October (Cliff et al., 2007) 

West Africa 

(Angola and 

Nigeria) 

September and 

January 

(Weir, 2010) 

Nosi Be, 

Madagascar 

October and 

February 

(Jonahson & Harding, 2007) 

Andaman Sea, 

Thailand 

February to May 

(hot season /pre-

monsoon) 

(Theberge & Dearden, 2006) 

Mozambique Year-round 

(particularly 

November to May) 

(Brunnschweiler et al.,  2009 ; Rowat, 2007) 

Seychelles July – November ( (Rowat. 2007) 

Maldives Year round (Anderson & Ahmed, 1993) 
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While a few studies have equated indices of whale shark abundances (when in 

decline) with human-associated pressures such as over-exploitation through fishing 

(Theberge & Dearden, 2006; Bradshaw et al., 2008; Holmberg et al., 2009), 

research has typically focused on drawing parallels between indices of whale shark 

abundance (from sighting data collected with varying levels of effort) and basic 

biophysical variables associated with homeostasis such as temperature (Table 1.4) 

(Wilson et al., 2001b; Nelson & Eckert, 2007; Rowat et al., 2009a) and food 

availability. 

 

Table 1.4. Observed temperature ranges for whale sharks found at various locations throughout 

the world 

 

Whale shark 

Locations 

Observed 

Temperature 

Ranges 

Reference 

Southern 

Texas, USA 

29 °C (Hoffman et al., 

1981) 

East Coast 

Japan 

18–30 °C (mainly 

21–25 °C) 

(Iwasaki, 1970) 

Sea of Cortez, 

Mexico 

28–32 °C (Eckert & 

Stewart, 2001) 

Seychelles 25–35 °C (Rowat & Gore, 

2007). 

North Island, 

New Zealand 

21–24 °C (Duffy, 2002) 

North-western 

Pacific ocean 

(Taiwan) 

23–32 °C (Hsu et al., 

2007) 

Ningaloo Reef, 

Australia 

24–27 °C (Wilson et al., 

2006) 
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There has been a wide variety of different environmental variables that which have 

been reported as contributing to the occurrence of whale sharks at particular 

locations around the world (Table 1.5). Other satellite tracking studies  have 

attempted to relate whale shark abundance or proportion of time spent in a 

particular location with oceanographic influences such as geostrophic currents, 

eddies and upwelling associated with satellite-derived estimates of high chlorophyll-

a concentration (primary/secondary productivity), which are assumed to be linked 

with food availability (Rowat & Gore, 2007). 
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Table 1.5 Worldwide locations of whale shark occurrence and corresponding environmental 

variables 

 

Whale shark 

Locations 

Corresponding Environmental variables References 

East Coast 

Japan 

Warm Kuroshio current & warm south–south–west 

to west–south–west winds 

(Iwasaki, 1970) 

North-western 

Pacific ocean 

(Taiwan) 

Boundary currents, which are thought to influence 

the abundance of prey 

(Hsu et al., 2007) 

Bahía de Los 

Ángeles, 

Mexico 

Sea Surface Temperature was the primary 

oceanographic factor affecting the instigation of 

feeding events, yet tidal phase, wind generated 

surface currents, and time-of-day also contributed 

(Nelson & Eckert 

2007) 

Gulf of 

Tadjoura, 

Djibouti 

Dense accumulations of plankton in shallow water 

(10–200 m) 

(Rowat et al., 

2007b) 

Galapagos 

Islands 

Depths between 2000–3000 m (close to the edge 

of the continental shelf and area known for up-

welling and high primary productivity) 

(Arnbom & 

Papastavrou, 

1988) 

Seychelles Positive rheotaxis (swimming against) with the 

prevailing geostrophic surface currents. 

SST, wind speed and the percentage illumination 

of the moon had the highest weight of evidence for 

explaining whale shark abundance 

(Rowat & Gore, 

2007) 

 

(Rowat et al., 

2009a) 

Maldives Whale shark movements correspond with the 

changing monsoons and associated current 

movements, as well as up-welling events and 

zooplankton blooms 

(Anderson & 

Ahmed, 1993) 

Ningaloo 

Reef 

Moderate association between the Southern 

Oscillation index and the whale shark distribution 

data (more whale sharks were observed in La 

Niña years) 

(Wilson et al., 

2001b) 

 

There are numerous purported environmental variables that have been 

linked with greater relative occurrence of whale sharks, yet these have generally 

been based on direct observations over limited spatial and temporal extents, and 
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thus cannot be extrapolated to explain whale sharks at broader spatial and temporal 

scales. Another compounding problem with many of these studies is that limited 

direct observations in isolation (without other comparable data), generally do not 

provide much information about how biophysical variables are influencing the 

occurrence of this species. One whale shark study by Wilson et al., (2001b) that 

used longer time series of whale shark observation data did not apply statistically 

robust methods and did not explore the relationship between whale sharks and 

biophysical variables at numerous spatial scales. 

So far, direct observations of prey aggregations among foraging whale 

sharks are the most obvious and reliable surrogates for explaining whale shark 

abundance. Whale sharks have been observed foraging opportunistically in areas 

with particularly dense aggregations of zooplankton-krill (Pseudeuphausia latifrons) 

off Australia (Wilson et al., 2001b), copepods off Mexico (Clark & Nelson, 1997), fish 

(snapper) spawn off Belize (Heyman et al., 2001) and schools of anchovies 

(Engraulis australis) off New Zealand (Duffy, 2002), and red crab (Gecarcoidea 

natalis) larvae at Christmas Island, Australia (Meekan et al 2009). Despite these 

observations being made, little attempt has been made to link this foraging 

behaviour to observations of whale shark abundance. 

 

Investigating spatial and temporal differences in movement patterns of whale 

sharks at various scales in relation to biophysical variables that are important for 

influencing prey abundance (foraging surrogates) may help to clarify whether these 

animals are undergoing directed, seasonal migrations and may also help to resolve 

how they are interacting with their 3-dimensional environment when diving.  

Taylor (1994) postulated that the appearance of whale sharks at Ningaloo 

Reef during the austral autumn (March–June) was related to the high levels of 

productivity associated with mass coral spawning events that occur following the 

March and April full moons (Simpson, 1991; Simpson et al., 1993). Whale sharks 
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have been found to depart Ningaloo Reef between May and June, with many 

travelling northeast along the continental shelf before moving offshore into the 

north-east Indian Ocean (Wilson et al., 2006). 

Tracking studies at Ningaloo have also observed whale sharks remaining 

below the surface all of the night, with the depth of dives increasing from sunset 

through to 3:00am (Gunn et al., 1999). Another study at Ningaloo Reef found that 

tagged whale sharks dived to slightly greater depths during daytime (diel vertical 

migration), and noted that when inshore they spent daylight hours near the surface 

and nights at depths of 30–80 m, while there were some exceptions, this pattern 

was shown to reverse when whale sharks were located further offshore (Wilson et 

al., 2006). Other studies investigating the diving pattern of whale sharks include 

Graham et al., (2005) and Brunnschweiler et al., (2009) have also recorded similar 

patterns of diurnal deep dives by whale sharks in other ocean basins including the 

Atlantic (Gladden Spit-Belize) and the Mozambique basin (western Indian Ocean). 

 

Simple distribution models can be developed from sighting and tracking data 

(abundance/location) by comparison with the variability of environmental signals 

(either remotely-sensed or empirically sampled at points and extrapolated to larger 

spatial areas). An example of such a model is illustrated in Table 1.6 where the 

ranges of variables derived from remote sensing data bases are overlaid on 

distribution maps of whale sharks to get an indicative global range and probability of 

occurrence (Figure 1.3).  
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Table 1.6 Modelled ranges of environmental variables for whale sharks based on OBIS data and 

generalised variable courtesy of Aquamaps  www.aquamaps.org 

 

 Variables Minimum 

value 

Pref Min (10th 

percentile) 

Pref Max (90th 

percentile) 

Maximum 

value 

Depth (m) 0 0 70 700 

Sea Surface 

Temperature 

(°C) 

15 21.39 28.71 30 

Salinity (psu) 26.36 33.45 36.02 39.9 

Primary 

Production 

219 356 1718 2882 

Sea Ice 

Concentration. 

-1 0 0 0 

Distance to 

Land (km) 

0 11 312 916 
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Figure 1.3 Modelled relative probability of occurrence of whale sharks—latitude lines of 35 
degrees North & South,  based on OBIS data and others courtesy of Aquamaps. (1/11/2009) 
www.aquamap.org 
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Such models must be treated with caution as they include only the upper surface 

layers of water column due to limitations of satellite sensors, which is problematic 

when they are developed for a diving animal.  

 

In the past, several studies have combined sighting and/or satellite tracking 

records of whale sharks with disparate historical seasonal/climatological and/or 

environmental biophysical measurements in an attempt to explain distribution 

patterns (Iwasaki, 1970; Anderson & Ahmed, 1993; Taylor, 1996; Gunn et al., 1999; 

Eckert & Stewart, 2001; Heyman et al., 2001; Wilson et al., 2001b; Duffy, 2002; 

Wilson et al., 2006; Graham et al., 2005, Graham & Roberts, 2007; Hsu et al., 2007; 

Rowat & Gore, 2007; Brunnschweiler et al.,  2009; Rowat et al., 2009a). Many of 

these studies tended to rely on observations or tracking data with limited temporal 

span and on occasion have used a small subset of biophysical variables to help 

develop a preliminary understanding of some of the factors that influence the 

occurrence of whale sharks at particular locations throughout the world. This thesis 

aims to consolidate a better understanding of the relative importance of many of 

these factors by investigating the relationships between whale shark distributions 

and a broad suite of biophysical variables (in addition to those previously identified) 

at a range of spatial and temporal scales in the north east Indian Ocean. 

 

1.9 THESIS AIMS, OBJECTIVES AND CONTEXT 

 

This thesis addresses the following broad questions about the ecology of whale 

sharks Rhincodon typus in the north east Indian Ocean of: ‘What are the spatial 

and temporal distributions of whale sharks, how do these compare to other 

marine megafauna with different trophic and metabolic strategies and how are 

they influenced by biophysical variables of the ocean and atmosphere at 

various spatial scales’.  
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Biophysical processes of the ocean and atmosphere influence climatic conditions in 

both terrestrial and aquatic systems and as such play a role in the structuring 

ecological communities that have restricted physiological thresholds or 

requirements. This thesis explores the interaction between biophysical variables 

and marine megafauna (particularly whale sharks) by trying to identify the relative 

importance of typical biophysical variables that are either directly or indirectly linked 

(as surrogates) to the presence of forage habitat (i.e. zooplankton and other prey 

items) and/or locomotion, direction or movement aids. 

 

In order to help answer the main broad questions of this thesis one must 

resolve the ultimate question of: ‘why do whale sharks occur at particular locations 

at particular times? Clearly, answering the ultimate question is well beyond the 

scope and capacity of a Ph.D. thesis given the pan-tropical scale of this species’ 

distribution and other complexities with data collection and collation. Instead, 

Chapter 1 of this thesis provides an overall context to define: ‘where whale sharks 

have greatest occurrence throughout the world and how these distributions are 

believed to be related with biophysical variables ’. The remaining body of the thesis 

is laid out as 4 separate experimental studies (Chapters 2-5) of which all use data at 

different scales (spatial and temporal) and have separate hypotheses which aim to 

resolve more specific questions which have evolved out of (and logically link back 

to) the main broad thesis questions outlined above. 

 

The first study (Chapter 2) asks: ‘historically at Ningaloo – in what 

environmental settings are these large zooplanktivores observed?’ and, ‘how do 

these environmental variables explain whale shark occurrence at differing temporal 

scales?’ (I.e. what are the relationships between long-term whale shark 

observations and biophysical variables when analysed on a weekly basis rather 

than monthly or yearly?). 
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The second study (Chapter 3) uses spatially explicit observer data to ask: 

‘what typifies/characterises the environmental setting whale sharks compared to 

different trophic groups of marine megafauna at Ningaloo and how does this differ; 

(i) between trophic groups (zooplanktivores versus predators) and, (ii) when 

observed at different spatial scales?‘ 

The third study (Chapter 4) uses continuously logged, spatially explicit track 

data within a passive diffusion model to ask: ‘how do broad-scale oceanographic 

currents and other proxies or surrogates for zooplankton abundance (chlorophyll-a), 

correspond to movement patterns (beyond individual sightings ‘Chapter 2’) of whale 

sharks?’ 

The fourth and final study (Chapter 5) uses continuously logged, spatially 

explicit track data (in 3-dimensions)  to ask: ‘as a diving marine animal - what 

typifies/characterises the environmental setting in 3-dimensional space of whale 

sharks (off Ningaloo and north east Indian Ocean) and how do these variables 

relate to their ecology and ecophysiology?’ 

 

 

At the locations where whale sharks are known to have reliable sighting 

occurrence - tracking studies have been undertaken to look at their short-term 

(days) and moderate-term (weeks-months) movement patterns in hope of better 

understanding their life-histories and spatio-temporal and environmental 

preferences (assuming their movement is deliberately coordinated) (Gunn et al., 

1999; Eckert et al., 2002; Graham et al., 2005; Wilson et al., 2006; Hsu et al., 2007; 

Rowat & Gore, 2007; Brunnschweiler et al., 2009). Some of these studies have 

attempted to understand whale shark movement in concert with environmental or 

biophysical variables measured in-situ (i.e. temperature and depth) (Gunn et al., 

1999; Eckert et al., 2002; Graham et al., 2005; Wilson et al., 2006; Brunnschweiler 

et al., 2009) while a few have used remotely sensed data to deduce the 
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environment surrounding whale sharks (Wilson et al., 2001; Hsu et al., 2007; Rowat 

& Gore, 2007). In most of these instances, biophysical variables are typically 

broadly linked to the ecology of whale sharks with little investigation or elaboration 

as to the relative influence of each variable in explaining patterns in whale sharks. 

While there is an apparent relationship between the seasonal occurrence of 

whale sharks at Ningaloo Reef and their foraging (based on direct behavioural and 

faecal observations), little information is known about how whale sharks are 

interacting with their environments from the reef edge – across wide ocean basins. 

Understanding why these free ranging sharks move to certain locations and 

ultimately deciphering ecological signposts for the species, is critical for 

conservation planning. 

Based on a review of the primary whale shark research literature, no studies 

have yet discriminated how a variety of biophysical variables relate to whale shark 

occurrences at several spatial and temporal scales in the north east Indian Ocean, 

particularly in the context of their metabolic and feeding requirements.  

In this thesis, a novel approach of using a variety of data sources (in-situ, 

remotely sensed and interpolated) and modelling techniques is proposed to 

investigate animal-environment interactions for the whale shark. By understanding 

whale shark movement and occurrence at Ningaloo in relation to differences in the 

environmental gradients, the studies contained in this thesis will help to explain 

better which mechanisms influence (directly or indirectly) their foraging and could 

further clarify the significance of their poikilothermic metabolic strategy.. 

Ultimately, the research findings from this thesis will have implications on helping 

improve predictive models on whale shark distribution and habitat associations in 

other regions throughout the world by developing an understanding of the types of 

biophysical factors which are associated with whale sharks and other marine 

megafauna based on their metabolic strategies at a range of spatial scales. This 

information will invariably assist managers in the design (size, location) and 
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implementation of marine protected areas to provide representative habitat 

protection in relation to the trophic requirements of certain migratory species and 

management could be further extended to fisheries that might adversely impact 

particular trophic groups. Furthermore, this research will help to identify other 

potential whale sharks habitat sites that have not yet been identified and could be 

helpful for ecotourism relying on predictable aggregations of this species. The 

outcomes of this thesis may also help to fill other ecological knowledge gaps about 

where whale sharks could go at certain life history stages to satisfy metabolic 

requirements for growth. While the Taiwanese market, as the main driver of the 

historical commercial fishery of whale sharks worldwide has ceased, recent demand 

for shark fin in China has seen whale shark (with their large size that generate high 

profits) being increasingly targeted (Li et al., 2012). 

Research outcomes from this thesis—clarifying the relationships between whale 

shark and biophysical variables, could potentially be used by illegal fisheries to help 

direct effort towards further exploitation of this species, yet hopefully, this will not 

occur. 

 

 

1.10 Thesis structure 

 
The body of this thesis is presented as chapters based on four discrete yet 

connected publications and the details relating to which journal they reside in and/or 

the status of these is provided in the footnotes at the start of each chapter. There 

are very subtle differences between the published manuscripts and the chapters 

presented in the thesis and this primarily relates to the layout of figures and tables. 

Major repetition between chapters has also been removed, however given the 

stand-alone structure of the chapters there is some minor repetition of information. 

The content and links between these chapters is described below. 
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The whale shark is a highly charismatic species given its large size, 

distinctive spotted features and docile nature (as a zooplankton-feeding shark) and 

has subsequently attracted substantial attention from the nature-based tour 

operation industry at Ningaloo Reef (Colman, 1997). As outlined in the above 

literature review, whale sharks are the largest poikilotherms in the oceans and given 

their large metabolic requirements their distributions are expected to be largely 

influenced by biophysical variables which relate to their prey. Yet, it is important to 

understand the relative influence of the numerous biophysical variables of the 

ocean and atmosphere which potentially regulate prey in the context of the spatial 

and temporal scales in which they operate. 

In Chapter 2, I investigate how broad-scale climatological environmental / 

biophysical factors influence the abundance of whale sharks using long-term (~10 

years) observer sighting records collected by the whale shark tour operators at 

Ningaloo (as part of their permit requirements for Department of Conservation 

W.A.), In this study, I also consider how different biophysical variables measured at 

numerous spatial and temporal scales explain patterns in whale shark occurrence at 

Ningaloo.  

Chapter 3, builds on the previous chapter by exploring the influence of finer-

scale (more localised) biophysical / environmental variables on whale sharks in a 

spatially explicit context using historical aerial census data provided by Woodside 

Energy Pty Ltd and Steve Wilson and satellite remote sensing of variables . This 

study also looks further to understanding differences between how marine 

megafauna are related to biophysical variables by comparing whale shark observed 

distribution and abundances with those of other megafauna with different trophic 

and metabolic strategies. In this case, census data is divided into different trophic 

guilds and it is hypothesised that invertebrate / macroalgae feeding megafauna will 

be more closely linked to variables such as chlorophyll-a given these relate more 
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directly to their metabolic requirements compared to higher trophic organisms which 

are secondarily linked with such variables.  

Having examined biophysical relationships of whalesharks and their 

environments in: (i) a broad context (~10 years across Ningaloo) and then, (ii) at a 

more localised scales in a spatially explicit and trophic context, I then attempt to 

understand these interactions in the context of their free-moving life-history 

strategies using continuous movement data. Chapter 4  attempts to link satellite 

tracks of whale sharks with geostrophic currents and chlorophyll-a to understand 

the influence of broad-scale oceanographic processes on localised distributions of 

whale sharks in the north east Indian Ocean and see whether these ocean 

processes assist movement and thereby lessen energetic demands on this large 

poikilotherm. 

The final study ‘Chapter 5’ tries to integrate many of the findings of the 

previous chapters by investigating how 3-dimensionally stratified biophysical 

variables (which are associated with metabolism) relate to whale shark movement 

and distributions. In particular, this study looks at whale shark distributions and dive 

profiles in relation to the spatial influences of temperature and dissolved oxygen. 

Chapter 6 is the general discussion and conclusions for the overall thesis. This 

chapter provides a synopsis of the biophysical relationships between whale sharks 

and their environments as identified from the various studies conducted and 

discusses the implications of these towards our understanding of this large-bodied, 

free moving yet cryptic poikilotherm with some recommendations for future research 

investigations. 

Given that all the whale shark and marine megafauna data used in the each of the 

study chapters were collated and interpreted from previously acquired sources, no 

animal ethics approvals were required.  
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Chapter 2. Oceanographic and atmospheric phenomena influence 

the abundance of whale sharks at Ningaloo Reef, Western 

Australia1 

 

2.1 Abstract 

 
Seasonal observations of whale shark abundance recorded by ecotourist operators 

at Ningaloo Reef, Western Australia from 1999–2004 were compared with weekly 

regional and global oceanographic and atmospheric variables, including average 

sea surface temperatures, along-shelf wind shear, sea level and the Southern 

Oscillation Index (SOI). Estimates of these physical variables were derived from 

either ground-based data or from remote sensing instruments. A generalised linear 

mixed-effects modelling (GLMM) approach with random sampling and model 

simulation was used to determine the relationships between the number of whale 

sharks and all model variants of the environmental parameters, using information-

theoretic weights of evidence to rank models. The Southern Oscillation Index and 

wind shear combined had the most support for explaining the deviance in weekly 

whale shark abundance at Ningaloo Reef during a season. The SOI and wind shear 

variables positively influenced whale shark abundance such that more sharks were 

sighted when the Southern Oscillation was stronger and along shelf winds were 

increasingly prevalent. This may reflect changes in the strength of oceanographic 

processes such as the Leeuwin Current (in response to the Southern Oscillation) 

and wind/current driven upwelling which may affect the abundance of whale sharks 

observed in the region and/or the availability of their prey by driving productivity 

changes. 

                                                
1 Sleeman, JC, Meekan, MG, Fitzpatrick, BJ, Steinberg, CR, Ancel, R and Bradshaw CJA (2010) 
Oceanographic and atmospheric phenomena influence the abundance of whale sharks at 
Ningaloo Reef, Western Australia, Journal of Experimental Marine Biology and Ecology, 382 
(2): 77-81   
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2.2 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 and 

Stevens, 1994). Despite their large size and broad range, little is understood about 

the influences of oceanographic and atmospheric processes on whale shark 

behaviour and life history (Colman, 1997). Our understanding of these animals is 

largely derived from observations during seasonal aggregations of sharks that occur 

at a few coastal locations (Clark & Nelson, 1997; Gunn et al., 1999; Heyman et al., 

2001; Meekan et al., 2006; Wilson et al., 2006; Rowat et al., 2007b). 

Aggregations of whale sharks occur off Ningaloo Reef on the northern west 

coast of Australia between March and May each year (Taylor, 1996; Gunn et al., 

1999; Meekan et al., 2006; Wilson et al., 2006). The occurrence of whale sharks in 

coastal waters is believed to coincide with productivity events that provide an ample 

supply of zooplanktonic/larval food (Taylor, 1996; Clark & Nelson, 1997; Gunn et al., 

1999; Taylor & Pearce, 1999; Heyman et al., 2001; Wilson et al., 2001). Whale 

sharks use three main feeding behaviours to exploit these productivity pulses, 

namely: (1) passive or ram filter-feeding; (2) facultative suction feeding/vertical 

feeding; and (3) active feeding/ram-suction at the surface (Clark & Nelson, 1997; 

Gunn et al., 1999; Graham et al., 2005; Nelson & Eckert, 2007; Taylor, 2007) 

whereby each respective behaviour has been linked with increasing density of prey 

items (Nelson & Eckert, 2007). 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 

conditions (Gunn et al., 1999; Wilson et al., 2001).  
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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 (La Niña), 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 (Pearce & Phillips, 1988; Caputi et al., 1996). In a study by Wilson et al. 

(2001), annual whale shark aggregations at Ningaloo between 1993 and 1998 were 

moderately positively correlated with yearly SOI values, yet weakly correlated with 

local oceanographic variables such as sea level (SL) and sea surface temperature 

(SST). These authors 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 aggregations than local-scale processes, presumably due to the active-

transport mechanism, or directional cues provided by the Leeuwin Current to whale 

sharks. However, results of the Wilson et al. (2001) study were potentially biased 

because of difficulties in correcting data for search effort and inconsistent sampling 

techniques, where both boat and plane-based counts were combined. 

This research builds on the work of Wilson et al. (2001) by analysing a more 

comprehensive time-series of whale shark observations from Ningaloo Reef 

spanning 1999 to 2004. Observation records included here are collated exclusively 

from whale shark tour operator boat sightings and only complete datasets 

(observations collected at the same intervals across successive years), thereby 

avoiding any problems associated with combining disparate data sets with gaps in 
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effort. Data are analysed at the scales of months and weeks to determine the 

relationship between abundance and atmospheric and oceanographic variation. 

Data have been corrected for sampling effort, a larger range of potentially influential 

environmental variables collected remotely and in situ and a statistical approach 

embracing multiple working hypotheses (Elliott & Brook, 2007) using generalised 

linear mixed effects models (GLMMs) to determine how ocean and atmospheric 

processes may influence whale shark abundance. As with the Wilson et al, (2001) 

study, SOI and sea level are again investigated here because these are ocean-

basin scale atmospheric phenomena known to influence localised hydrodynamic 

processes (Ningaloo current) that occur within the range from which whale sharks 

are observed (Pearce and Phillips, 1988). More localised variables are also included 

in this study including wind shear (related to east–west wind and a good proxy for 

the strength of the Ningaloo current) which is suggested to be important at retaining 

planktonic biomass (Taylor and Pearce, 1999), and sea surface temperature, a 

biologically important variable which has frequently been positively correlated with 

fish abundance (Fiedler and Bernard, 1987; Iwasaki, 1970). Here we propose the 

explicit hypothesis: ‘that whale shark abundance (like that of other fishes and 

invertebrates affected by the Leeuwin current) are positively linked to specific 

environmental variables of sea surface temperature and SOI (an atmospheric 

phenomena know to influence SST)’. 

With variations in the scales of the data and analytical techniques one can 

aim to estimate better the effect of physical oceanographic variables on whale shark 

abundance and understand and ultimately predict this relationship in the context of 

the Leeuwin Current (Pearce & Phillips, 1988). 
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2.3 Methods 

2.3.1 Whale shark abundance data 

Relative abundance dataset spanning 1999 to 2004 of whale shark observations 

from ecotourism vessels at Ningaloo Reef (Colman, 1997) was used in the analysis. 

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), the search time in 

hours:minutes and the GPS location 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). In attempt to standardise data for repeated counting of the 

same shark among different vessels a correction based on an assumed line-of-sight 

distance (search radius) for closely operating vessels (as determined by GPS 

coordinates) was employed. The number (n) of whale sharks observed per period 

(i.e., week and month) was divided up by the daily search time for each vessel 

(effort) and then added these for each vessel to obtain a total standardized estimate 

of relative abundance. These data were used to calculate the average weekly and 

monthly abundance of whale sharks  

 

2.3.2 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 
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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 then corrected to remove the effects of tides and 

inertial signals using a low-pass filtering technique where values were smoothed 

(averaged) on a 30-hour basis. A 30-hour period was chosen to avoid leakage of 

high-frequency signals into the low-passed data. A filter that allowed a flat low-

frequency response, sharp cut-off and low noise (see Thompson, 1983) was applied 

to the data. Major tidal frequencies (Semidiurnal principal lunar - M2, Semidiurnal 

principal solar - S2, Semidiurnal lunar elliptic - N2, Semidiurnal lunisolar - L2, 

Diurnal lunisolar - K1, Diurnal principal lunar - O1 and Diurnal elliptic lunar  Q1) 

were also specified as zeros of the filter frequency response function to ensure tidal 

signal suppression (Thompson, 1983; Burrage et al., 1991). Weekly and monthly 

average SL values were calculated. 

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 and 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 (V; see below), or wind shear 

parameter, that was a length vector calculated by combining wind direction and 

speed and rotating the data clockwise at 60 º. The rotation of the along-shelf wind 

vector data were required to re-align them into an across shelf coordinate system 

that are directly proportional to onshore (counter–current) Ekman transport (Yeung 

et al., 2001). Currents and winds were also rotated to along- and cross-shelf 

components.  
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Wind shear was calculated by decomposing wind speed and direction values 

into north–south (U) and east–west (V) vectors or components using the standard 

conversion between rotary and Cartesian reference systems: 

;  

where direction (D) is in degrees and Speed (S) is in cm/s-1. The V vector was used 

to denote wind shear given this aligned most accurately with the natural axis 

orientation of along shelf currents at Ningaloo following rotation of the data 

clockwise by 60 º(relative to true north). The same low-pass filtering technique used 

for SL (with 30-hour cut-off) was also used for wind shear and the resulting values 

averaged on weekly and monthly intervals. 

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 115º E). The 4 × 4 km pixel values in 

the composites were spatially averaged to calculate single daily and weekly SST 

values. 

 

2.3.3 Analysis 

Generalised linear mixed-effects models (GLMM) were used to explore relationships 

between oceanographic and atmospheric variables and 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, gamma error distributions with a log link 

function were 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 
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different levels of clustering (months) to be decomposed. All oceanographic and 

atmospheric variables were modelled as fixed effects. 

Model comparison was based on Akaike’s information criterion corrected for 

small samples (AICc), (Akaike, 1973; 1974; Lebreton et al., 1992; Burnham & 

Anderson, 2001). AICc values were ranked, with the most parsimonious model(s) 

having the lowest AICc values, high model weights and % Deviance Explained 

(Lebreton et al., 1992). From the set of a priori models a predictive model averaging 

procedure was used 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), 

randomisation of the data for each predictor was carried out 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 (w+) was obtained by subtracting w+0 from w+i. Predictors with w+ of 

zero or less have essentially no explanatory power. All statistical analyses were 

done using the R Package (Ver. 2.0.1) (Ihaka & Gentleman, 1996).  

The environmental variables SOI, SST, SL and WS (and all combinations of 

these) included were in the model set to determine how they influenced weekly 

whale shark abundance from 1999 to 2004. A Spearman’s correlation matrix for the 

variables considered highlighted potential collinearity. Highly correlated (rho (ρ) > 

0.5) variables were not included in the same model. The percentage of deviance 
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explained (%DE) was also calculated for each model as a measure of goodness-of-

fit.  

 

2.4 Results 

2.4.1 Relative abundance 

Within the annual period when whale sharks are known to occur at Ningaloo Reef 

(March to July), the highest abundances were observed towards the end of May in 

2002 (Figures 2.1a & 2.1b). 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 2.1 The weekly abundance of whale sharks observed off Ningaloo Reef from March to 

July between years (a) 1999 – 2001, and (b) 2002 – 2004. 
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2.4.2 Weekly environmental variables 

 

SOI and sea level were moderately correlated (0.519, Table 2.1), as was SST and 

sea level (0.437) and wind shear and sea level (0.497).  

 

Table 2.1. Correlation matrix between Southern Oscillation index (SOI), sea surface temperature 

(SST), sea level (SL) and along shelf wind shear (WS) from 1999–2004. 

 

 SOI SST SL 

SST 0.092 - - 

SL 0.519 0.437 - 

WS 0.110 0.144 0.497 

 

Despite several competing models (Table 2.2) only SOI and WS had sufficient 

evidence for explaining variance in whale shark abundance (w+ = 0.079 and 

0.001, respectively).  
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Table 2.2. Generalised linear mixed-effects models and their information-theoretic statistics 

based on the change in Akaike’s information criterion corrected for small samples (ΔAICc) 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 1999–2004. Notations; %DE = 

% deviance explained, w i = AICc weight. 

Model (i) %DE AICc w i 

SOI + WS 26.152 0 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 

SOI + SL + WS 25.645 2.111 0.076 

SST + SL + WS 25.370 2.171 0.073 

SOI + SST + SL 

+ WS 

30.280 3.164 0.045 

SOI 13.662 13.448 0 

SL 12.889 13.617 0 

SST 12.087 13.793 0 

SOI + SST 18.737 14.714 0 

SST + SL 17.609 14.961 0 

SOI + SL 16.899 15.116 0 

SOI + SST + SL 20.308 16.835 0 

 

Both these variables were positively correlated with whale shark abundance (Figure 

2.2). The model that included SOI and WS was able to explain a larger amount of 

the deviance in the data compared to all other model combinations (Table 2.2) 

whilst remaining the most parsimonious, (compared to the model with the greatest 

% deviance explained —SOI + SST + WS) . This suggested that SOI and WS had 

the best predictive capacity for explaining the weekly abundance of whale sharks at 

Ningaloo. 
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Figure 2.2 Partial residual plot generated from the most-parsimonious generalized linear model 

relating weekly whale shark abundance between 1999 and 2004 to the Southern Oscillation index 

(SOI) and wind shear. The solid line is the fitted linear model. The dashed lines are the approximate 

95 % point-wise confidence intervals. 

 

 

2.5 Discussion 

 

Of the atmospheric and oceanographic variables that were hypothesised to 

influence whale shark abundance at Ningaloo Reef, only the SOI and WS appeared 

to be related to shark numbers. In the model analysis, SOI was poorly linked with 

weekly whale shark abundance, yet when error structures were examined—SOI and 

WS were both slightly positively correlated with whale shark abundance (see Figure 

2.2). Surprisingly, sea level had little influence on whale shark abundance, despite 

its strong correlation with the strength of the Leeuwin Current and SOI (Pearce and 

Phillips, 1988).  

The results of our study partly support the findings of Wilson et al. (2001), 

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 
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latter, strong Pacific trade winds and warmer sea temperatures (also known as the 

Walker circulation) in the ocean north of Australia 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) 

(Figure 2.5a & 2.5b). The combined effects of wind shear and SOI are likely to be 

the main influencing factors driving the along-shelf current which produces localised 

re-suspension of nutrients and resultant productivity pulses.  

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 

(Rowat et al., 2007b; Bradshaw et al., 2008). Tagging studies using Pop-up archival 

tags (PAT) show that following aggregations, whale sharks move northward from 

Ningaloo (Wilson et al., 2006). Tags that detach from whale sharks < 4–5 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. This explanation assumes that whale sharks 

use currents a as transport mechanism and if true, it might be expected that in 

ENSO years when the Leeuwin Current is weaker, whale sharks should arrive at 

Ningaloo later in the season and possibly in fewer numbers if they were not 

transported as far down the coast.  

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 
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while recruitment of scallops (Amusium balloti) and pilchards (Sardinops sagax 

neopilchardus) are negatively influenced by the strength of the Leeuwin Current. 

These year-to-year 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 increasing the availability of 

appropriate 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 such as the basking shark (Cetorhinus 

maximus) by driving oceanographic events that alter productivity of coastal waters 

and ultimately the availability of zooplankton food for these animals. For example, 

abundances and distributions of basking sharks off the coast of southern England 

have been linked with the North Atlantic Oscillation (Sims & Quayle, 1998). 

Similarly, the El Niño/Southern Oscillation is thought to influence basking shark 

abundance off the coast of California (Squire, 1990).  

It is difficult at present 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 with oceanographic processes 

observed from remotely sensed data. Satellite measurements of chlorophyll–a 
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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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Chapter 3. Biophysical correlates of relative abundances of marine 

megafauna at Ningaloo Reef, Western Australia† 

 

3.1 Abstract 

 

Changes in the relative abundance of marine megafauna (whales, dolphins, sharks, 

turtles, manta rays, dugongs) are described from aerial survey sightings in the 

waters adjacent to Ningaloo Reef between June 2000 and April 2002. Generalised 

linear models were used to explore relationships between different trophic guilds of 

animals (based on animal sighting biomass estimates) and biophysical features of 

the oceanscape that are likely to indicate foraging habitats (regions of primary / 

secondary production) including sea surface temperature (SST), SST gradient, 

chlorophyll-a (Chl-a), bathymetry (BTH) and bathymetry gradient (BTHg).   

Relative biomass of krill feeders (i.e. minke whales, whale sharks, manta rays) were 

related to SST, Chl-a and bathymetry (model [AICc] weight = 0.45) and the model 

combining these variables explained a relatively large amount (32.3 %) of the 

variation in relative biomass.  

Relative biomass of fish/cephalopod feeders (dolphins, sharks) were weakly 

correlated with changes in SST, while that of other invertebrate/macroalgal feeders 

(turtles, dugong) was weakly correlated with changes in steepness of the shelf 

(bathymetry gradient). Our results indicate that biophysical variables describe only a 

small proportion of the variance in the relative abundance and biomass of marine 

megafauna at Ningaloo Reef.  

                                                
† Sleeman, JC, Meekan, MG, Wilson, SG, Jenner, CKS, Jenner, MN, Boggs, GS, Steinberg, CC and 
Bradshaw CJA (2007) Biophysical correlates of relative abundances of marine megafauna at 
Ningaloo Reef, Western Australia, Marine and Freshwater Research, 58, 608–623. 
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3.2 Introduction 

 

Ningaloo Reef in northern Western Australia is the world’s third largest fringing coral 

reef (spanning approximately 260 km of coastline) (Spalding et al., 2001). The 

proximity of the continental shelf to the Ningaloo Reef allows for the convergence of 

warm and cold oceanographic currents, providing the necessary biophysical 

conditions to support a diverse array of organisms. While the Ningaloo region is 

commonly known for its resident marine intertidal communities such as corals and 

reef fishes, it also plays host to a large suite of resident marine megafauna including 

sharks, dolphins, dugongs and manta rays (Preen et al., 1997). Some marine 

megafauna such as humpback (Megaptera novaeangliae) and pygmy blue whales 

(Balaenoptera musculus brevicauda) migrate past Ningaloo Reef on route to 

breeding grounds (Chittleborough, 1965; Jenner et al., 2001), while others such as 

turtles migrate to Ningaloo Reef to feed and nest (Preen et al., 1997). Other 

migratory megafauna such as whale sharks have predictable seasonal occurrences 

at Ningaloo Reef for reasons which are not yet clearly understood (Wilson et al., 

2001). 

Throughout the Ningaloo region, large species such as turtles and whales 

were subjected to exploitative hunting practices up until the mid-1970s (CALM, 

2005). In 1987, the Australian waters adjacent to Ningaloo Reef were declared a 

Marine Park and are actively managed by the state of Western Australia. Further, 

national legislation was instituted in 1999 (EPBC Act) to protect migratory marine 

species. In recent decades, whales, whale sharks and manta rays have attracted 

increasing interest among eco-tourism industries, and as such, these operations are 

of great importance to the economy of the Ningaloo and Gascoyne regions (Davis et 

al., 1997; Davis, 1998; Catlin, et al. 2010) with whale shark eco-tourism estimated to 

have contributed around ~$6 million in 2006 and eco-tourism (in general) estimated 
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to have contributed $141 million in 2008 (Jones et al. 2011). Dugong and turtles are 

also recognised for their important cultural (Aboriginal) and conservation value 

within the region (Marsh et al., 1997; Limpus et al., 2001).  

 

Aerial survey techniques are useful for assessing the relative abundance 

and distribution of large migratory marine organisms, particularly over broad spatial 

scales (10s to 100s of km) (Preen et al., 1997; Chaloupka & Osmond, 1999; Evans 

& Hammond, 2004). Although they are usually biased indicators of relative 

abundance because they only target individuals visible at or near the surface, when 

repeated at regular intervals and correction factors for observer bias (perception 

and availability bias) are applied (Marsh & Sinclair, 1989), aerial surveys can 

provide improved estimates of relative abundance and distribution of megafauna 

without the use of expensive and logistically challenging techniques such as satellite 

telemetry (Mate et al., 1997; Hays et al., 2004b; Wilson et al., 2006). Furthermore, 

broad-scale survey data can be compared to surrogates of the physical and 

biological properties of ocean surface waters to provide heuristic interpretations of 

the environmental conditions influencing relative abundance patterns (Jaquet & 

Whitehead, 1996; Kasamatsu et al., 2000; Schick et al., 2004). 

 

Fluctuations in the relative abundance and distribution of marine megafauna 

at broad spatial scales have been attributed to oceanographic processes that 

operate in a “bottom-up” fashion by influencing the availability of food. For example, 

sea surface temperature (SST), SST gradient (SSTg), Chlorophyll-a (Chl–a) 

concentration and bathymetry can be used as surrogate variables for primary 

production. Many studies have demonstrated correlations of these variables to the 

relative abundance and distribution of zooplankton (Myers & Hick, 1990; Sugimoto 

& Tadokoro, 1998; Kideys et al., 2000; Wilson et al., 2002). In turn, zooplankton can 

structure the relative abundance and distribution of fish (Agenbag et al., 2003; 
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Schick et al., 2004), and for this reason, surrogate measures of zooplankton 

biomass have been used to model marine mammal (Bradshaw et al., 2004; Littaye 

et al., 2004) and reptile (Polovina et al., 2004) distributions and behaviour. However, 

plankton distributions may be altered by factors that are not responsible for their 

production and growth (Guinet et al., 2001; Bradshaw et al., 2004). Forcing factors 

are also susceptible to dilution effects through the food web (El-Sayed, 1988; Guinet 

et al., 2001). For these reasons, it seems likely that distributions of species feeding 

on lower trophic-level prey species will be more closely correlated with variables 

such as SST and Chl–a than the distributions of higher trophic-level species (Gende 

& Sigler, 2006). 

 

In this paper we examined, spatial and temporal patterns in the distribution, 

relative sighting occurrence and biomass of marine megafauna species observed at 

Ningaloo Reef, Western Australia. Occurrence of megafauna and fish/krill schools 

were estimated using aerial surveys flown at roughly weekly intervals between June 

2000 and April 2002. These estimates of occurrence were compared to the physical 

and biological oceanography of the region characterised by satellite remote-sensing 

data. Identifying important spatial and temporal patterns of habitat use by this suite 

of marine fauna and determining whether there were useful physical and biological 

correlates to explain some of the variation in their relative abundance was the main 

aim of this study. The hypothesis formulated was that the strength of any 

correlations found would vary depending on trophic level, with stronger correlations 

expected for those species feeding on lower trophic-level organisms such as 

invertebrates and algae.  
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3.3 Methods 

3.3.1 Oceanographic setting 

The oceanography of the Ningaloo region of northern Western Australia is 

dominated by the Leeuwin Current that drives warm, low-nutrient surface waters 

south along the continental shelf and influences the production and recruitment of 

invertebrate and fish communities depending on its strength (Caputi et al., 1996). 

The Current is strongest during autumn and winter (April–September) (Godfrey & 

Ridgeway, 1985), and weakens during the summer (September–April) due to 

southerly winds that drive the Ningaloo Current (Taylor & Pearce, 1999). As a wind-

driven current, the Ningaloo Current is limited to the surface (< 50 m) (Gersbach, 

1999; Woo et al., 2006a), but (through Ekman transport) is sufficient to drive cold 

water upwelling (Woo et al., 2006b) and thereby generate high primary production 

and phytoplankton biomass (Hanson et al., 2005).  

 

3.3.2 Aerial censuses 

Between June 2000 and April 2002, Woodside Energy Ltd. commissioned the 

Centre for Whale Research (CWR) and CSIRO Marine Research to conduct a 

series of aerial surveys of marine megafauna in the waters adjacent to Ningaloo 

Reef, from North West Cape (21º 47’ S, 114º 09’ E) to south Amherst Point, south of 

Coral Bay (23º 37’ S, 113º 36’ E) to establish a baseline description of the region as 

part of an environmental impact assessment (Woodside, 2003). A total of 26 

surveys were done by CWR at roughly 8-day intervals (weekly) depending on 

weather and aircraft availability between June and November in 2000 and 2001. 

CSIRO Marine Research did a total of 12 surveys between January and May in 

2001 and January and April 2002. Between January and March, surveys were done 

monthly by CSIRO and between April and May, surveys were done fortnightly. All 

surveys used a twin engine over-head wing Partenavia P68B aircraft fitted with 

bubble windows to maximise the field of view beneath the plane. The survey teams 

comprised two observers positioned on opposite sides of the aircraft who logged 
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sighting occurrence and positions of animals using a GPS or a palm-top computer 

synchronised with a GPS logger at regular 1-second intervals. Survey routes used 

by CWR consisted of 16 NW–SE oriented transects running perpendicular to the 

coastline, spaced approximately 5 nm (9.3 km) apart and averaging a total distance 

of 1041.45 km (Figure 3.1a). A standardised flight path consisting of 12 inshore-

offshore transects spanning a total distance of 637.87 km was flown on each of the 

CSIRO surveys (Figure 3.1b). One month following the commencement of the 

CSIRO surveys (February to May 2001 and January to April 2002), a single 

observer recorded positions and sighting occurrence of animals with a GPS when 

transiting between Learmonth and Carnarvon (24º 53’ S, 113º 38’ E). Unlike the 

standardised survey route, this deviated flight path ran adjacent to the coast at a 

distance of 300-400 m seaward of the front of Ningaloo Reef and covered a total 

distance of approximately 403 km (Figure 3.1b). The inclusion of this additional 

survey dataset during the period of the CSIRO surveys provided better control of 

survey effort, with the approximate distance surveyed at each transect interval being 

around 1040 km (Table 3.1). No estimates were made of transect width on any of 

the survey flights because a distance meter was not employed during sampling and 

the overhead position of the wings prevented the attachment of reference streamers 

needed for defining transect width. As such, no estimates of animal densities could 

be made. 
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Figure 3.1. Location and bathymetry of the Ningaloo region, Western Australia and aerial 

survey flights done by Centre for Water Research (CWR) between June and November, 2000 

and 2001 and CSIRO between January and May, 2001 and 2002 
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For the aerial surveys conducted by CSIRO, observers used clinometers (Suunto 

PM-5/360PC) and compass boards to report the relative vertical and horizontal 

position of sighting to the aircraft. Angle of drift for each transect was corrected so 

that horizontal angles reported from the compass boards could be made relative to 

direction of the flight path. Using trigonometry to calculate the approximate location 

of animals, the majority of sightings occurred within a 500 m radius of the aircraft. In 

all surveys, a mean altitude of 305 m and a speed of 120 knots were maintained. Of 

the animals identified, only large cetaceans, whale sharks, dugongs and some 

sharks were discernable to a species level; thus, taxa were generally grouped as 

turtles, dolphins, sharks, etc. (Table 3.2). Although attempts were made to avoid 

surveying in sea surface conditions greater than Beaufort Sea State 3, this was not 

always possible. In preliminary analyses of the data, negative correlations between 

Beaufort Sea State and sighting occurrence of all taxonomic categories were found, 

indicating that marine fauna sighting were subject to observational biases related to 

poor sea-state conditions. Approximately 28 % of the surveys were done in 

conditions with less that Beaufort Sea State 3 (see Table 3.1). While inclusion of 

data in the analysis which had a Beaufort Sea State greater 3 was likely to increase 

perception bias relating to omission of animals due to turbidity, it was necessary for 

increasing the statistical robustness by maximising the sample size of animal 

sighting of the relatively poorly represented species such as sharks, dugongs and 

some whales. The perceived taxonomic resolution of each animal sighting was 

recorded by the observer during the survey transects and was tabulated for each 

taxa. Proportions of taxa within each trophic group were calculated by summing 

counts for specific taxa and dividing these by the total counts of all taxa combined 

within a guild (Table 3.2).  
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Table 3.1. The number of aerial surveys per year/month and the monthly total transect length 

(km) and ranges of Beaufort Sea States during the aerial surveys 

 

Year Month Survey effort 

(no. of 

transects) 

Total transect 

lengths (km) 

Beaufort Sea 

State (range) 

2000 June 4 ~4165.8 1–5 

 July 4 ~4165.8 1–4 

 August 3 ~3124.35 1–4 

 September 2 ~2082.9 1–5 

 October 3 ~3124.35 1–4 

 November 2 ~2082.9 2–4 

2001 January 1 ~637.87 2–3 

 February 1 ~1040.87 2–3 

 March 1 ~1040.87 1 

 April 2 ~2081.74 1–3 

 May 2 ~2081.74 1–4 

 June 4 ~4165.8 1–3 

 July 3 ~3124.35 2–4 

 August 2 ~2082.9 2–3 

 September 2 ~2082.9 2–4 

 October 1 ~1041.45 2–4 

 November 1 ~1041.45 2–3 

2002 January 1 ~1040.87 2–3 

 February 1 ~1040.87 2–3 
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3.3.3 Remotely sensed data 

Biophysical variables of SST, SSTg and Chl–a concentration were derived from 

satellite imagery and were used to describe (i) broad-scale (i.e., across the entire 

region) and (ii) fine-scale (spatially-explicit positions where animals were sighted) 

physical and biological surface oceanography at Ningaloo during the aerial survey 

transects. The variables (SST, SSTg and Chl–a) were selected for analysis because 

they were: (i) likely to act as surrogates for processes that influence primary 

production and food availability, (ii) could be classified accurately, without bias and 

classification methods could be easily replicated, (iii) could be resolved at fine 

spatial (kilometres) and temporal (daily) scales appropriate to the survey data, and 

(iv) relatively easy to access at little or no cost. Additionally, bathymetry and 

bathymetry gradient (see below) were also included in the analysis. A variety of data 

were used to derive the different biophysical variables in a form (spatial and 

temporal scale) appropriate for comparison and analysis with the aerial survey data 

(Table 3.3). 

 For the broad-scale analysis, remote-sensing data of SST and Chl–a were 

used and were generalized (averaged spatially) across the entire region and 

averaged temporally (from daily composites) on a monthly basis. Biophysical data 

used for the fine-scale analysis such as SST imagery were collected at 

approximately 4-day intervals (2 images per 8 day period). This eliminated problems 

associated with atmospheric effects which can render satellite imagery less useful 

and ensured that at least one image corresponded (approximately) with the dates 

and intervals of the aerial surveys. In every 8 day period only one image was 

retained for analysis following a screening and removal of the image with the most 

incomplete data coverage (missing data due to clouds and/or sensor malfunctions).  

Further priority of selection (between the 2 images per 8 day period) was given to 

images that closely matched the dates of aerial surveys, thus temporal differences 

between datasets likely influenced the results negligibly.
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Table 3.3. The types of biophysical variables analysed, the spatial scale of analyses (Broad = 

averaged across region, Fine = spatially explicit to approximate aerial survey resolution), data 

sources, temporal coverage and spatial resolution of data.  

 

 

Biophysical 

variable 

Scale of 

analysis 

Data source Temporal 

coverage 

Spatial 

resolution 

(km) 

Broad AVHRR 

Pathfinder 

(Version 5) 

Weekly 

Composites 

4 Sea surface 

temperature 

Fine  MODIS Terra 

level 2 (Collection 

4) 

Daily 

 

1 

Broad AVHRR 

Pathfinder 

(Version 5) 

Weekly 

Composites 

4 Sea surface 

temperature 

gradient 

Fine MODIS Terra 

level 2 (Collection 

4) 

Daily 

 

1 

Broad SeaWiFS level 3 

(Version 5.1) 

Weekly 

Composites 

9 Chlorophyll-a 

Fine SeaWiFS level 2 

(Version 5.1) 

Daily 

 

~1 

Bathymetry Fine National Oceans 

Office of Australia 

(Cumulative 

collation of 

nautical 

charts 

combined 

with 

ETOPO1 

and 2 data) 

2005 

0.250 

Bathymetry 

gradient 

Fine National Oceans 

Office of Australia 

2005 0.250 
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HEG Tool software provided by NASA’s Earth Observing System (EOS) was used 

to geo-locate and convert files from Hierarchical data format (HDF) to GeoTIFF files 

usable within ESRI ArcGIS 9.1. The resulting data were converted into grids with a 

geographic projection (WGS84) and a spatial resolution of approximately 1 km. 

Cloud masks were used to remove (reclassify) erroneous data. SSTg was derived 

by reprojecting SST images into standard Mercator grids with equal interval x, y 

coordinates (m). A 3  3 neighbourhood function (Mennis et al., 2005) was used to 

evaluate the rate of change in the temperature values of adjacent cells and these 

values were subsequently outputted as a geo-referenced grid of temperature 

gradients. 

 

NASA’s SeaDAS 4.8 software (running on Linux Fedora Core 2) was used to 

geo-reference and subset Chl-a imagery for the Ningaloo region, which were then 

exported as ASCII files, uploaded and interpolated (inverse distance weighted) into 

raster coverages with ESRI ArcINFO. High-resolution bathymetry grid data with a 

spatial resolution (x, y) of 250 m were acquired from the National Oceans Office of 

Australia for the entire Ningaloo region. A map of bathymetric gradient was 

constructed by reprojecting the data as Mercator and applying a similar 

neighbourhood function as that used to generate the SSTg data. A macro was 

employed in ArcGIS 9.1 to extract the values for each oceanographic variable 

(raster dataset) that corresponded to each animal observation from the aerial 

surveys (point dataset). Density distribution maps generated in ArcGIS 9.1 using a 5 

km focal function were derived from the GPS point data of taxonomic groups that 

were recorded in large numbers during the surveys. 

 

3.3.4 Weather station data 

Wind data were used in a preliminary analysis to investigate how this variable 

influenced sightings given that southerly winds are known to influence the Ningaloo 
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Current which enhances nutrient upwelling and productivity in the region (Woo et 

al., 2006a). Wind speed and direction data were collected hourly from a coastal 

weather station at Milyering (21º 1.816’ S and 113º 55.316’ E) in the northern 

section of the Marine Park. No wind data were available for the period between 

26/04/2000 and 5/01/2001 due to a technical fault. Wind direction and speed were 

decomposed to east–west (U) and north–south (V) vector components and then 

averaged on a weekly and monthly basis. The resulting vectors were then re-

transformed as wind speed (km/h-1) and direction (divided into 8 cardinal directions). 

 

3.3.5 Trophic grouping and biomass estimates 

Preliminary inspection of relative abundance estimates for individual taxonomic 

groups (i.e., whales, dolphins etc.) indicated that the observation data violated 

statistical assumptions of not conforming to typical Poisson distributions, even after 

applying transformations. To account for this discrepancy, a hierarchical 

classification scheme similar to those used in other megafauna studies (Davis et al., 

2002) was used where animals were grouped on the basis of their predominant 

dietary components and their trophic level (Pauly et al., 1998) to reduce the number 

of species and maximize sample size for statistical analysis.  

 

Three simplified trophic guilds were used to regroup animals according to: (i) 

krill feeders, (ii) fish/cephalopod feeders, and (iii) other invertebrate/macro-algae 

feeders. Average group sizes were calculated for each trophic guild.  Within each 

guild, relative biomass was calculated using the observed number of individuals per 

survey day and the average body weights (obtained from the literature) for each 

taxonomic class (Spain & Heinsohn, 1975; Pai et al., 1983; Stevens & Lyle, 1989; 

Stevens & McLoughlin, 1991; Lanyon & Marsh, 1995; Plotkin, 1995; Kohler et al., 

1996; Marsh et al., 1997; Tamura & Ohsumi, 2000; Uchida et al., 2000; Wintner & 

Dudley, 2000).  
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Krill feeders included humpback (Megaptera novaeangliae), pygmy blue 

(Balaenoptera musculus brevicauda) and minke whales (B. acutorostrata) (Preen et 

al. 1997) and filter-feeding whale sharks (Rhincodon typus), manta (Manta birostris) 

and mobulid rays (Mobula eregoodootenkee). The latter elasmobranchs have been 

observed feeding on tropical krill around the waters of Ningaloo Reef (Taylor & 

Grigg, 1991; Taylor, 1994; Wilson et al., 2001). The fish/cephalopod feeders’ guild 

was composed of dolphins, predominantly bottlenose (Tursiops truncatus), Indo-

Pacific humpback (Sousa chinensis), clymene (Stenella clymene) and Risso’s 

(Grampus griseus) dolphins, and sharks. The latter included hammerheads 

(Sphyrna spp.) and various species of requiem (Carcharhinus spp.) sharks. The 

other invertebrate/macro-algae feeders included turtles, of which the majority were 

green (Chelonia mydas), with only a small proportion of other species such as the 

flatback (Natator depressus), hawksbill (Eretmochelys imbricata), loggerhead 

(Caretta caretta), olive ridley (Lepidochelys olivacea) and leatherback (Dermochelys 

coriacea) turtles (Prince, 1994; Preen et al., 1997) and dugongs (Dugong dugon). 

Dugongs are algal and invertebrate feeders that are also common at Ningaloo Reef 

(Gales et al., 2004). While this study focuses on spatial and temporal variation in 

megafauna species, sightings of schools of prey items including anchovies 

(Stolephorus indicus) and tropical krill (Pseudeuphausia latifrons) were also 

recorded to compare relative distributions with their surveyed predators. No attempt 

was made to estimate the relative abundance or biomass of particular species of 

fish or krill. 

 

The classification of different animal taxa into trophic groups was based 

predominately on the major diets of the numerically dominant species. Not all 

species within certain taxonomic groups (e.g., whales, dolphins) adhered to the 

broad trophic restrictions implied by the guild categorisation; however, they were 

included in the analysis because relatively few animals could be positively identified 
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to species (see Table 3.2). For instance, unlike other ‘fish-feeding’ dolphins and 

sharks commonly sighted at Ningaloo, Risso’s dolphins and tiger sharks are known 

to have diets composed largely of other prey such as cephalopods (Cockcroft et al. 

1993, Blanco et al. 2006), and turtles, sea snakes and dugongs, respectively 

(Heithaus 2001, Simpfendorfer et al. 2001). Relatively few surveyed animals were 

positively identified as Risso’s dolphins or tiger sharks, so it is possible that other 

species of dolphins and sharks could have been present and not identified or 

misidentified. Consequently, a certain degree of generalisation was required in the 

‘trophic’ categorisation. Given that bottlenose dolphins are among the most 

frequently sighted dolphin species in boat-based surveys (Preen et al. 1997) at 

Ningaloo and the small proportion of sharks which constitute megafauna in the 

‘fish/cephalopod feeders’ guild, one would expect the inclusion of any misclassified 

(to ‘trophic’ guild) species to have negligible effects on the results.  

 

3.3.6 Modelling 

Generalized linear modelling (GLM) approach was used with the open-source 

software R Package (Ver.2.2.0) (R Development Core Team, 2004) to determine if 

certain variables or combinations of these could aid in predicting the relative 

biomass or abundance of different trophic guilds of megafauna. Examination of the 

residuals for the saturated models showed that the relative biomass data had a 

statistical error distribution best represented by a gamma distribution with an identity 

link function. Model selection was based on Akaike’s Information Criterion corrected 

for small samples (AICc), (Akaike, 1973; 1974; Lebreton et al., 1992; Burnham & 

Anderson, 2001). AICc values 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, a predictive model-averaging procedure was 

used to determine the magnitude of the effect of some terms, keeping all other 



 

90 

dependent variables constant (Anderson & Burnham, 2002). The weights of 

evidence (w+i) for each variable i were calculated by summing the model AICc 

weights (wi) over all models in which each term appeared. However, the w+i values 

are relative, rather than absolute, so they will often be > 0 even if the predictor has 

no contextual explanatory importance (Anderson & Burnham, 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), data was 

randomized for each predictor separately, 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 (w+) was obtained by subtracting w+0 from 

w+i. Predictors with w+ of zero or less have essentially no explanatory power. 

 

Five oceanographic variables were considered within the all-subsets model set: 

SST, SSTg, Chl-a, bathymetry (BTH) and bathymetric gradient (BTHg) where the 

saturated model was: 

 

guild relative biomass/25 km2 grid cell ~ SST+SSTg+Chl-a+BTH+BTHg+ 

 

where  represents the error term. All variables were log-transformed before 

analysis to account for their large range in values. The complete set of variables 

available was not used to prevent the loss of too many degrees of freedom that 

could lead to poor model convergence. In addition, exclusion of variables such as 

geostrophic currents was necessary due to their coarse spatial scale (relative to 

aerial data) and poor coverage (i.e., missing data at coastal boundary zones). The 

models were parameterized with a 50 % random sub-selection of the data to reduce 

autocorrelation problems associated with the fact that the count and oceanographic 
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measurements were not temporally or spatially independent (e.g., Bradshaw et al., 

2004). The relative biomass of humpback whales was large compared to all the 

other animals (making the distribution of krill-feeder relative biomass bimodal and 

too skewed to correct with transformation), so these animals were considered in two 

modelling scenarios: one where humpback counts rather than relative biomass (with 

single-species models, the ‘relative biomass’ response was essentially a scalar of 

the count data, so counts were used instead) were considered alone: 

 

humpback relative abundance/25 km2 grid cell ~ SST+SSTg+Chl-a+BTH+BTHg+ 

 

and one where humpbacks were excluded from the krill feeder guild altogether.  

The latter model was likely to hold greater support particularly given that humpback 

whales are known to be migrating through the region and are unlikely to be feeding 

(Chittleborough, 1965; Jenner et al., 2001).  

A Poisson error distribution with a log link function was used in the humpback count 

model. A Spearman’s correlation was calculated for each set of variables in each 

model set. Highly correlated (rho (ρ) > 0.5) variables were not included in the same 

model set. The percentage of deviance explained (%DE) was also calculated for 

each model as a functional goodness-of-fit measure. Correlation matrices and the 

full model combinations for each trophic guild are summarised in Appendix C. 

 

3.4 Results 

3.4.1 Broad-scale oceanographic/climatic patterns  

There were consistent seasonal patterns in SST during the study period with low 

variability at daily and weekly scales as indicated by the small standard errors in 

Figure 3.2. Sea surface temperature gradually declined to a low in September 2000 

and 2001 then increased to a peak during March 2001 and February 2002. Average 

Chl-a concentrations in surface waters were generally higher throughout most of 
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2000 compared to 2001 (Figure 3.2). Concentrations began to rise from a low in 

August 2000 to a peak in November, and then gradually declined until March 2001. 

Chl-a concentrations peaked during May 2001, although there were large monthly 

fluctuations between October 2001 and March 2002. 

 

North–easterly winds prevailed throughout most weeks and months 

(particularly in January and February). Southerly winds rarely lasted longer than 24 

hours and generally occurred around the beginning of April, towards the end of July 

and the beginning of August in 2000 and 2001. These winds typically blew at 

speeds greater than 2.6 km/h-1, with the highest speeds attaining 16.6 km/h-1 in 

August 2001 and 12 km/h-1 at the beginning of December 2001. On a weekly basis, 

we observed brief (< 12 hours) and intermittent periods of moderate (< 2.7 km/h-1) 

southerly winds throughout April 2001, which corresponded with the peak in Chl-a 

concentrations in the Ningaloo region in 2001. Increases in Chl-a levels also 

corresponded to changes in intensity of southerly wind speeds from moderate (< 4.3 

km/h-1) in November to strong (< 12 km/h-1) in December.
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Figure 3.2. Average monthly (±s.e.) Chla concentration and sea surface temperature (SST) 

across the survey region of Ningaloo Reef, Western Australia.
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3.4.2 Broad temporal and spatial trends in megafauna sighting occurrence: 

3.4.2.1 Krill feeders 

Small groups or individual blue whales (mean group size  SE = 1.5  0.2) were 

observed along Ningaloo Reef from June to October and in November 2001, and in 

April and May 2002 (Figure 3.3a). Number sighted blue whale sightings peaked 

between October and November 2001 when average Chl–a concentrations were 

peaking and SST was rising slowly (Figure 3.3a). Humpback whales occurred in the 

survey region from June to November in both 2000 and 2001, with the majority of 

sightings in August (Figure 3.3b). Fewer were observed in 2001 than in 2000. The 

humpback whales had the highest sighting occurrence approximately 5 km west of 

Tantabiddi and 30 km north of the Murion Islands (Figure 3.4a; see Figure 3.1 for 

map of Ningaloo with place names). Minke whales (mean group size = 1.03  0.3) 

were most abundant in June 2001 and displayed little seasonality in sighting 

occurrence during the study (Figure 3.3c). 

 

Manta rays (mean group size = 1.97  0.24) were observed in most months of the 

study, with peak abundance occurring in May 2001 (Figure 3.3d). The highest 

sighting occurrence of manta rays corresponded with fish/krill schools, offshore 

(south–west) from Yardie Creek and west of Norwegian Bay (Figure 3.4b, 3.4f). 

Relatively few whale sharks (mean group size = 1.05  0.05) were observed, and 

those animals that were detected were seen at the same times of the year (January, 

March and April) in 2001 and 2002 (Figure 3.3e).  

 

3.4.2.2 Fish/cephalopod feeders 

Dolphins (mean group size = 2.9  0.5) were observed throughout most of the year, 

with the largest number sighted between March–May 2001 (Figure 3.3f). Dolphin 

sightings were relatively well distributed in the Ningaloo region, with most sighted in 

the Gulf of Exmouth (10 km east of Bundegi) and 5 km west from Yardie Creek on 
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Ningaloo Reef (Figure 3.4c). Sharks (mean group size = 1.06  0.04) were observed 

in greatest numbers in April–June 2001 and April–May 2002 (Figure 3.3g). The 

highest sightings of sharks occurred 10 km southwest of Yardie Creek, directly off 

Bundegi and 15 km north of the tip of North West Cape (Figure 3.4d). 
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Figure 3.3 Monthly sighting occurrence of (a) blue whales, (b) humpback whales, (c) minke 

whales, (d) manta rays, (e) whale sharks, (f) dolphins, (g) sharks, (h) turtles, (i) dugongs and (j) 

fish/krill schools throughout the survey period June 2000–April 2002 (*no surveys in December 

2000–2001). 
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3.4.2.3 Other invertebrate/macroalgae feeders 

Turtles (mean group size = 1.31  0.03) occurred in almost every month of the study 

(with the exception of January and September–November 2001) and sightings 

peaked in March and May 2001, corresponding to a peak in SST and Chl-a 

concentrations (Figure 3.3h). The greatest density of turtles occurred adjacent to 

Point Cloates and 10 km west of Bruboodjoo Point (Figure 3.4e). Dugongs (mean 

group size = 1) were observed in June and July in both 2000 and 2001, with largest 

numbers sighted in June 2001 (Figure 3.3i). Fish/krill schools were sighted in 

greatest numbers during April and May 2001 (Figure 3.3j) and sighting occurrence 

tended to correspond in distribution with that of manta rays (Figure 3.4f) 

 

3.4.3 Fine-scale trends in megafauna sighting occurrence and biophysical 

variables 

3.4.3.1 Krill feeders 

Overall, more than 55 % of blue whales observed were seen in water between 25– 

27 ºC (Figure 3.5a). Blue whales occurred in a restricted range of relatively low 

surface Chl-a concentrations, with 65 % found in concentrations between 0.125 and 

0.25 mg·m-3 (Figure 3.6a). Blue whales were recorded in a large range of depths 

(Figure 3.7a). Compared to other taxa, humpbacks generally occurred in the 

narrowest temperature range (Figure 3.5b). Approximately, 70 % of humpbacks 

were recorded in waters with moderate to high surface Chl-a concentrations of 

0.25–1.00 mg·m-3 (Figure 3.6b) and tended to be spotted in waters with depths > 

200 m (Figure 3.7b). Almost 70 % of minke whales occurred in warm SST between 

25– 29 ºC (Figure 3.5c) and over 55 % occurred in waters with medium to high 

0.25–0.50 mg m-3 Chl-a (Figure 3.6c).  
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Figure 3.4 Sighting distribution maps (5 km neighbourhood kernel) for truncated aerial survey observations of (a) humpback whales, (b) manta rays, (c) dolphins,(d) sharks, (e) and turtles and (f) krill/fish schools. 
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Figure 3.5 Histograms showing the proportions of (a) blue whales, (b) humpback whales, (c) 
minke whales, (d) manta rays, (e) whale sharks, (f) dolphins, (g) sharks, (h) turtles, (i) dugongs 
and (j) fish/krill schools in relation to surface water temperatures. 
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The majority of manta rays and whale sharks (> 60 %) occurred in relatively warm 

waters between 27 and 31 ºC (Figures 3.5d & e). The majority of manta rays 

observed during the surveys were in Chl-a-rich waters, with concentrations of 1.0–

4.0 mg·m-3 (Figure 3.6d). 

While the average Chl-a concentration is low in the Ningaloo region during the 

period when whale sharks were observed, approximately 70 % of whale sharks 

were found in high Chl-a between 0.5–2.0 mg·m-3 (Figure 3.6e).  

Manta rays (Figure 3.7d) and whale sharks (Figure 3.7e) were found in a range of 

water depths, but were mainly sighted in shallow waters (< 100 m).  

 

 

3.4.3.2 Fish/cephalopod feeders 

Dolphins occurred in a wide range of SSTs, although > 55 % were found in warm 

waters (27–31 ºC, Figure 3.5d). More than 75 % of dolphins occurred in moderate 

Chl-a concentrations between 0.125 and 0.50 mg·m-3 (Figure 3.6f),. Dolphins were 

spotted in waters of varying depths, with around 40 % of those sighted occurring in 

shallow inshore areas (< 100 m, Figure 3.7f). Sharks occurred in a large range of 

SSTs (Figure 5g) with over 75 % of sharks sighted being found in high surface Chl-a 

between 0.50 to 2.00 mg·m-3 (Figure 3.6g). Sharks were observed in a broad range 

of depths, but the majority were in shallower waters (< 100 m Figure 3.7g). 
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Figure 3.6 Histograms showing the proportions of (a) blue whales, (b) humpback whales, (c) 
minke whales, (d) manta rays, (e) whale sharks, (f) dolphins, (g) sharks, (h) turtles, (i) dugongs 
and (j) fish/krill schools in relation to chlorophyll-a (Chl-a) concentrations. 
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Figure 3.7 Histograms showing the proportions of (a) blue whales, (b) humpback whales, (c) minke 
whales, (d) manta rays, (e) whale sharks, (f) dolphins, (g) sharks, (h) turtles, (i) dugongs and (j) 
fish/krill schools in relation to water depth 
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3.4.3.3 Other invertebrate/macroalgae feeders 

Turtles were observed in the widest range of SSTs, with more than 70 % of 

individuals sighted in 25–33 ºC waters (Figure 3.5h). Although turtles occurred in a 

range of Chl-a concentrations, more than 70 % were found in areas of high Chl-a 

(0.5–2.0 mg·m-3 Figure 3.6h). Most turtles were also found in shallow waters (< 100 

m, Figure 3.7h). Dugongs were generally found in water with intermediate to low 

temperature ranges (between 21–27 ºC) (Figure 3.5i). Most dugongs were also 

found in areas of high surface Chl-a (Figure 3.6i). All dugongs were only sighted in 

shallow waters (<100 m, Figure 3.7i). Over 57 % of fish/krill schools were found in 

moderate to high SSTs between 27 and 29 ºC (Figure 3.5j). The majority of fish/krill 

schools were observed in high surface Chl-a waters (Figure 3.6j). Fish/krill schools 

occurred in a range of water depths, with most in shallow waters (< 100 m, Figure 

3.7j). 

 

 

3.4.4 Generalised linear models 

3.4.4.1 Krill feeders 

The best-supported model for the krill-feeding guild (excluding humpback whales) 

included SST, Chl-a and BTH (AICc weight = 0.45) and explained a relatively high 

proportion of the variation in relative biomass (%DE = 32.3 %). Models including 

SSTg and BTHg also had moderate levels of support (AICc weights = 0.16). 

However, the weights of evidence analysis demonstrated model-averaged support 

only for BTH (w+ = 0.70), indicating that most of the %DE in the best model was 

explained by variation in BTH alone (all other terms had w+ < 0) so that there was 

a greater relative biomass of krill-feeding species observed in deeper water. The 

Poisson-distributed count model failed to explain much of the variation in sighting 

occurrence of humpback whales (top model with AICc weight = 0.17 and %DE = 1.8 
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%), and none of the explanatory variables had any model-averaged support 

according to the weights of evidence analysis (all w+  0). 

 

3.4.4.2 Fish/cephalopod feeders 

For the fish/cephalopod feeders, the best model (AICc weight = 0.32) included SST 

and Chl-a and explained 9.4 % of the deviance (%DE) in relative biomass. Although 

the less-supported models had other terms including BTH, SSTg and BTHg (AICc 

weights = 0.14, 0.12 and 0.10, respectively), the weights of evidence analysis 

indicated that only SST had reasonable model-averaged support (w+ = 0.44). The 

model suggested that larger relative biomasses of fish/cephalopod feeders were 

found in warmer compared to cooler surface waters.  

 

3.4.4.3 Other invertebrate/macroalgae feeders 

Models of relative biomass distributions of invertebrate/macro-algae feeders 

included all oceanographic variables except SSTg (AICc weight = 0.50), and 

explained 8.4 % of the deviance (%DE). However, the weights of evidence analysis 

only demonstrated support for BTHg (w+ = 0.46), indicating that larger relative 

biomasses of species within this guild were observed in waters over steeper 

bathymetric slopes.  

 

 

3.5 Discussion 

The foraging and distribution patterns of many predatory marine species such as 

whales, seals and seabirds are often correlated with the physical and biological 

properties of surface waters (Bradshaw et al., 2004; Littaye et al., 2004; Polovina et 

al., 2004; Ainley et al., 2005). While the relationship between marine animal 

distributions and oceanographic conditions can be strong in some circumstances, it 

is often difficult to establish the relative contribution of different variables (e.g., SST, 

Chl-a, etc ) to variation in distribution patterns (Polovina et al., 2004; Piatt et al., 
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2006). These problems arise because models cannot accommodate the complexity 

of predator behaviour when coupled with factors that can influence primary or first-

order secondary production (Horne & Schneider, 1994; Agenbag et al., 2003; 

Gende & Sigler, 2006). 

It was found that the distributions of krill-feeding animals (not including 

humpback whales), were largely predicted by variation in bathymetry. This outcome 

suggests that krill feeders may experience greater foraging success when in deeper 

waters (assuming krill feeders were mainly observed when foraging) and that they 

may target increased abundances of krill in areas with greater variation in depth 

(i.e., for vertical migration or wider resource use) (Wilson et al., 2002; Wilson et al., 

2003b). Alternatively, this pattern may relate to the potential distribution of predators 

(i.e., killer whales) in shallow waters. Killer whales (Orcinus orca) have been known 

to target krill feeders such as baleen whales as calves or juveniles, when in their 

high latitude breeding grounds (rather than in their feeding grounds), as evidenced 

by flesh wounds that resemble the teeth marks of killer whales (Chittleborough, 

1965; Mehta et al., submitted).  

If the patterns observed in the distribution of krill feeders are related to increased 

abundance of prey, one might expect to see a greater incidence of krill schools in 

areas with deeper water, yet most of the schools observed in the aerial surveys 

were sighted in shallow areas (Figure 3.4f). Consequently, one can assume that 

either krill feeders have a foraging advantage in deeper water, or that insufficient 

data were collected to understand the underlying mechanism. For instance, the 

observed patterns in krill/fish school distributions may be an artefact of clumping 

fish/krill into the same taxonomic category or may relate to observer bias issues of 

omission (i.e., not seeing krill schools in deeper waters due to reduced visibility).  

 

The primary and secondary sources of productivity exploited by feeding guilds such 

as fish/cephalopod and invertebrate/macroalgae feeders were likely to have been 
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influenced by a complex suite of other factors given that a general pattern of weak 

correspondence was found between their distributions and the surrounding 

oceanography and bathymetry. Bathymetry gradient was weakly related to the 

relative biomass of invertebrate/macroalgae feeders, with these species being more 

abundant where there was a steep change in depth contours. Such slopes may 

provide a more suitable habitat for macroalgae and associated benthic fauna with 

appropriate light, nutrient and dispersal enhancement mechanisms (Kendrick et al., 

1998). Thus, our results provide little evidence to reject the hypothesis of Gende 

and Singler (2006) that the distribution of species feeding on lower trophic-level prey 

species were not more closely correlated with variables such as SST and Chl–a 

than the distributions of higher trophic-level species (Gende & Sigler, 2006).  

 

The patterns in relative biomass of fish/cephalopod feeders were explained to some 

extent by SST. If organisms in this guild are assumed to occur at Ningaloo 

exclusively for foraging purposes rather than for other life history purposes (e.g. 

reproduction, socialising etc..) than these patterns are likely to indicate that warmer 

currents provide the conditions necessary for the prey species of sharks and 

dolphins. Similar patterns in distributions of predatory fishes such as tuna have 

been observed with increasing SST or higher SST ranges (Myers & Hick, 1990; 

Schick et al., 2004). Peaks in SST were observed in the Ningaloo region around 

April 2001 and March 2002. This reflects the gradual water surface heating due to 

high summer temperatures from November through to March and an absence or 

diminished flow of the Ningaloo Current due to changes in seasonal wind and 

weather patterns (Woo et al., 2006a).  While occurrence of sharks and dolphins at 

Ningaloo may be linked partly to feeding and SST, in reality a far more complex 

suite of factors are likely to be influencing their occurrence relative to other life 

history processes. Future studies should try to record occurrence of these animals 

whilst simultaneously observing their behaviour to try to better resolve these 



 

107 

patterns. Use of more continuous (longer term and finer-scale) observation 

techniques such as individual animal tracking (telemetry) and bio-logging may prove 

extremely useful to understand the connections between distribution patterns and 

environmental variables. 

 

Krill feeders such as humpback whales are were present at Ningaloo during the 

peaks in Chl-a in both 2000 and 2001, yet despite their high sighting occurrence, it 

is likely that little foraging was occurring during their migration north to warmer 

waters for calving around July–August and the subsequent return south to the 

Antarctic in September–October (Chittleborough, 1965; Jenner et al., 2001; Jenner 

& Jenner, 2002). As such, the lack of association between humpbacks and any 

oceanographic variables that were examined was expected. Other krill feeders such 

as whale sharks were observed in low numbers, but appeared consistently towards 

the end of summer (April–May) when ocean productivity was highest. This 

periodicity likely reflects the availability of major prey items such as the tropical krill, 

Pseudeuphausia latifrons, although krill distributions may have little direct 

association with ocean surface properties (Wilson et al 2002, 2003).  

 

 

3.6 Conclusion 

Our study illustrates some of the difficulties involved in predicting habitat 

associations or trophic distributions of marine megafauna from aerial counts and 

remotely sensed data alone. The prediction of spatio-temporal animal distributions 

relies on information on the behaviour of individuals in relation to their surrounding 

environment at the time of the survey, in addition to information on migration 

patterns, diet and relative habitat selection (e.g., dugongs and seagrass beds; 

sharks and reefs). Resolving issues associated with food web interactions between 

taxa and environmental limitations of prey items is important when attempting to 
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understand the expected degree of correlation between trophic groups and 

biophysical processes. To help further identify mechanisms dictating spatial and 

temporal patterns in marine megafauna distributions, we require: 1) oceanographic 

data with higher spatial and temporal resolution, and 2) longer-term sampling 

(continuous data logging—telemetry tagging techniques) of specific species 

whereby certain life history behaviours can be discerned when analysed in concert 

with information about their surroundings. The following chapter will extend from this 

study and endeavour to better understand habitat relationships of a krill feeder the 

whale shark by using improved resolution oceanographic data (geostrophic 

currents) and satellite movement data.
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Chapter 4. To go or not to go with the flow: environmental 

influences on whale shark movement patterns‡ 

 

4.1 Abstract 

 

Seven whale sharks were tracked using satellite linked tags from Ningaloo Reef, off 

northern Western Australia, following tagging in April and June 2002 and April–May 

2005. An investigation of how the movements of those whale shark tracks were 

influenced by geostrophic surface currents during sequential one-week periods was 

carried out by using a passive diffusion model parameterised with observed starting 

locations of the sharks and weekly maps of surface current velocity and direction 

(derived from altimetry). The outputs from the passive diffusion model and maps of 

chlorophyll-a concentration (SeaWiFs/MODIS) were compared with the actual 

tracks of the sharks using GIS and generalised linear mixed-effects models 

(GLMM). The GLMM indicated very little support for passive diffusion with sea-

surface ocean currents influencing whale shark distributions in the north eastern 

Indian Ocean. Moreover, the sharks’ movements correlated only weakly with the 

spatial distribution of sea-surface chlorophyll-a concentrations. The seven whale 

sharks had average swimming speeds comparable with those recorded in other 

satellite tracking studies of this species. Swimming speeds of the seven sharks 

were similar to those reported in previous studies and up to three times greater than 

the maximum sea-surface current velocities that the sharks encountered while 

traversing into lower southerly latitudes (moving northward towards the equator). 

Our results indicate that whale sharks departing from Ningaloo travel actively and 

independently of near surface currents where they spend most of their time despite 

additional metabolic costs of this behaviour.  

                                                
‡ Sleeman, JC, Meekan, MG, Stewart, BS, Wilson, SG, Polovina, JJ, Stevens, JD, Boggs, GS, 
and Bradshaw CJA (2010) To go or not to go with the flow: environmental influences on whale 
shark movement patterns, Journal of Experimental Marine Biology and Ecology, 390 (2): 84-98. 
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4.2 Introduction 

 

It has been hypothesized that many migratory marine animals including 

birds, cetaceans (Ballance et al., 2006), turtles (Polovina et al., 2000; Luschi et al., 

2003; Polovina et al., 2004; Gaspar et al., 2006; Lambardi et al., 2008; Shillinger et 

al., 2008) and sharks (Montgomery & Walker, 2001; Sims et al., 2003) use 

geophysical directional clues such as the Earth’s magnetic field and 

thermoreception of large water temperature gradients associated with fronts and 

eddies for navigation. For example, the basking shark (Cetorhinus maximus 

Gunnerus) is a large filter-feeding migratory shark that actively seeks out productive 

biological  habitats along the continental shelf over areas of several hundred to 

thousand kilometres to forage in temporally discrete, high productivity areas 

associated with ocean fronts (Sims, 2003). Similarly, the broad-scale migrations of 

several species of marine turtles are influenced by oceanographic processes. Olive 

ridley (Lepidochelys olivacea) and leatherback (Dermochelys coriacea) turtles have 

been shown to use major surface currents and eddies to assist migration to feeding 

areas (Polovina et al., 2000; Luschi et al., 2003; Polovina et al., 2004).  

Whale sharks (Rhincodon typus Smith) are the world’s largest fishes and are 

broadly distributed throughout tropical and subtropical oceans. These animals are 

highly migratory, travelling large distances (thousands of km, (Eckert & Stewart, 

2001; Rowat & Gore, 2007) and appear predictably at some coastal localities in the 

tropics where they have been observed to take advantage of ephemeral increases 

in the abundance of their zooplankton prey although they might also be responding 

to other conditions affecting life-history requirements (Heyman et al., 2001; Wilson 

et al., 2001b; Meekan et al., 2006; Meekan et al., 2009). 
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It remains a mystery how whale sharks navigate to and from these 

aggregation sites and whether they use active locomotion or they are assisted via 

passive drifting in currents. This issue was examined by comparing the movements 

of whale sharks monitored with satellite-linked transmitter tags and sea-surface 

geostrophic currents and chlorophyll-a concentration gradients during weekly 

intervals to test the null hypotheses: (i) that whale shark movements from Ningaloo 

Reef north Western Australia are independent of sea surface ocean currents and; 

(ii) that whale shark residency patterns are independent of near-surface local 

productivity measures (i.e., remotely assessed chlorophyll-a concentrations).  
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4.3 Materials and methods 

4.3.1 Tagging 

Observers in single engine, high wing aircraft were used to locate whale 

sharks and direct a boat with snorkelers to them in 2002 and 2005 (see Wilson et al. 

2006). Once sharks were located, satellite-linked radio transmitter SPLASH Tags 

(Wildlife Computers, Redmond, USA) were attached to the leading dorsal fins of 

eight whale sharks, yet only 7 retained their tags (for periods over 2 months).  

In 2005 tagged sharks included 2 females of ~4.5 and ~7.5 m length respectively 

(Sharks 1 and 4), 1 male of ~4.3 m (Shark 2), and 2 of undetermined sex ~7.5m 

each (Shark 3 and 5). In 2002, a 7-m female whale shark (Shark 7), and a 7-m male 

(Shark 8), were also tagged. All whale sharks were tagged in the waters near Point 

Cloates, Ningaloo Reef (113 ° 36 ’ E, 22 ° 42 ’ S) in Western Australia (Figure 4.1). 

The SPLASH tags were embedded in a 33 cm long buoyant torpedo-shaped 

housing manufactured from syntactic foam that was attached to a delron collar via a 

one-meter stainless steel tether. A snorkeler attached the delron collar to the whale 

shark a handheld, pressure-driven applicator (RAMSET) that secured the collar to 

the shark’s dorsal fin by a stainless steel pin and plastic saddle (Wilson et al., 2006). 

Tag application techniques were developed at CSIRO Marine and Atmospheric 

Research in accordance with methods to minimize tag loss and with adherence to 

animal ethics guidelines.  
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Figure 4.1 Distribution of whale shark tracks in the Indian Ocean and associated bathymetry. 

 

The transmitters were radio-silent when submerged owing to a sea-water 

conductivity circuit but transmitted spontaneously once the tag breached the sea-

surface and continued to transmit at 45 sec intervals as long as at least one of the 

circuit electrodes was dry. The locations of tags were determined by the ARGOS 

Data Collection and Location Service (DCLS) by Doppler shift in transmissions 

received by the orbiting ARGOS DCLS satellites (Stewart et al. 1989, Eckert and 

Stewart 2001).   Summary histogram on diving depth and water temperature 

covering 6-hour periods were also transmitted through the ARGOS DCLS. 

Whale shark location data were filtered to eliminate poor quality locations 

where predicted accuracy (based on satellite triangulation) was > 1 km. This level of 

filtering (sub-kilometer) was deemed appropriate for including locations that were 

well within spatial guidelines of minimum resolution (i.e. at least 5 times smaller than 

the minimum resolution of other environmental data sets used for spatial 
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comparison/modeling, (O'Neill et al., 1996). Point location data and diving data were 

evaluated to determine when the tags separated from whale sharks and began 

drifting at the sea-surface. 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 precision of interpolated locations from marine animals 

with ARGOS-linked tags have been found to be unaffected by various interpolation 

methods and were always within the precision of the tracking technique (Tremblay 

et al., 2006). For each shark the distance that it traveled over a week (km) was 

calculated along with the time interval between location reports (hours) and the 

travel speed (km hr-1). These data were joined 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 an observed probability density time series grid was created for each whale 

shark. The average heading direction (relative to True North) was also calculated for 

all weekly tracks of individual whale sharks. 

 

 

4.3.2 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, altimetry data (www.aviso.oceanobs.com) with a spatial 

resolution of 0.1 degrees (latitude/longitude) were obtained. Coastal processes 

operating within the coastal strip, an approximately 36km-wide band of ocean 

adjacent to the coast,  produce noise in altimetry data making it difficult to resolve 

sea surface height in this region.  The derivation of geostrophic current maps from 
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altimetry adds to the problem of missing data by utilizing a neighbourhood function 

that relies on adjacent grid cells that further degrades the outer edge of the map 

extent. As a consequence of this, geostrophic current maps can only be created for 

offshore waters at least 0.1 degrees (longitude/latitude) or ~36 km beyond the 

coastline. 

Geoprocessing tools in ArcGIS were used to spatially intersect (join) whale shark 

tracks with underlying geostrophic current grid cell values (velocity and direction). 

Histograms were created from these intersected data to get an indication of the 

range of oceanographic variables surrounding weekly tracks. Using a raster 

calculator in ArcGIS, mean sea level anomalies were multiplied 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 a geoid model (Rio & Hernandez, 2004) and 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 calculated using 

a filter in ArcView 3.2 (ESRI, Redlands, California, USA). Gradient maps were 

exported in geographic coordinates to calculate the geostrophic current components 

of the north–south (U) and east–west (V) (Polovina et al., 1999) and these were 

decomposed into compass direction (degrees True North) and velocity (cm s-1) 

(Figure 4.2).  
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Figure 4.2. Example of geostrophic current map (velocity cm/s-1) for the mid Austral winter period (June 2005). 
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Maps of chlorophyll–a concentration were used as an index of biological 

surface water productivity along whale shark movement trajectories. 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), was used to georeference and subset 

chlorophyll-a imagery for the entire region within which whale sharks tracks 

occurred.  

 

 

4.3.3 Passive diffusion model 

An agent-based, passive current diffusion model was developed using the R 

Package (R Development Core Team, 2004). The model was based on weekly 

minimum and maximum geostrophic current velocity and direction maps and a land-

mask map as inputs. Inputs for each weekly model scenario were based on the x 

and y coordinates or actual surface locations of whale sharks when first recorded 

outside the coastal strip (the available geographic coverage of altimetry/geostrophic 

current data).  

The model simulated movement of an agent (whale shark) 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 

could be occupied or not (based on the land mask). R-code for this procedure is 

available from the authors upon request. The model assumed that the whale sharks 

had no resistance associated with their shape or surface area/volume ratio to being 

propelled at the same speed and in the same flow direction as the geostrophic 

currents.  
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Geostrophic map data were reprojected into an Albers equidistant conic 

projection prior to input to ensure that simulated whale shark 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) were 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. A cumulative cell occupancy output map was produced for each week 

where the model was initiated from the actual shark starting location for that week. 

All weekly cumulative cell occupancy output maps that were predicted for 

individual sharks were added together to produce a final cumulative cell occupancy 

map. 

Surface current probability values and average chlorophyll-a concentrations at cell 

locations that corresponded to the observed probability distributions of sharks were 

extracted using GridSampler (CSIRO Sustainable Ecosystems, Canberra, 

Australia).  

 

4.3.4 Analysis 

To test for a correlation between current speed and direction and the 

productivity surrogate on shark movement patterns, a set of five generalized linear 

mixed-effects models (GLMM) that incorporated these terms was constructed. 

Firstly, the amount of temporal autocorrelation between weekly values of the 

observed probability of occupying a grid cell was assessed. 

The predicted probabilities for the observed and passive-movements were 

transformed accordingly using the complementary log-log transformation, and 

chlorophyll-a values with a log10 transformation to normalise non-Gaussian 
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distributions. Predicted probabilities for passive movements were somewhat 

problematic given the large number of zero values. However, subsequent 

verification of the quantile-quantile plots indicated only minor departure from 

normality. Consequently, five a priori GLMM were constructed with the term 

individual coded as a 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 that assigns relative strengths of evidence to each model (Burnham & 

Anderson, 2002). Akaike’s Information Criterion corrected for small sample sizes 

(AICc) was used to contrast models. AICc provides measures of model parsimony to 

identify a model 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. The dimension-consistent Bayesian Information 

Criterion (BIC) was applied 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. 
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Table 4.1. 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 (LL), deviance in criterion scores from top-ranked 

models (∆AICc and ∆BIC), information criteria weights (wAICc and wBIC) and the per cent 

deviance explained (%DE) by each model. 

 

No. Model k LL AICc wAICc BIC 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 

 

 

 

4.4 Results 

 

Movements of the tagged whale sharks varied, but they generally traveled 

towards the equator (Figure 4.1). When departing from Ningaloo Reef, two sharks 

(1 and 2) moved southward for approximately 270 km arriving near Dirk Hartog 

Island in Shark Bay before swimming in north–west arcs along the edge of the 

continental shelf. When in oceanic waters (distances greater than ~100km from the 

coast) most sharks maintained a generally consistent directional heading over time. 

The movements of shark 5 were the most variable in terms of heading. It first moved 

north towards the southeast coast of Java in Indonesia, an area high in productivity, 

then circled around the shelf edge before returning to the mid ocean basin between 

Java and north western Australia. When almost 1500 km northwest of Ningaloo, 

shark 7 changed direction and headed east towards sea-mounts adjacent to 

Christmas Island (Figure 4.1). 

Velocities of geostrophic current throughout the northeast Indian Ocean 

ranged from 0 to 7.41 km h-1, although whale sharks occurred in waters where 
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currents did not exceed speeds greater than 1.81 km h-1 (Table 4.2). The movement 

speeds of sharks averaged between 1.2 and 3.2 km hr-1, up to 3 times faster than 

the maximum velocities of geostrophic currents they encountered (Table 4.2). 

 

Table 4.2. 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

) 

1 F 2003.84 2.41 0.22 0.41 0.05 0.82 

2 M 6384.76 1.74 0.47 0.58 0.04 1.51 

3 ? 1209.02 1.17 0.35 0.32 0.32 0.81 

5 F 6595.08 1.89 0.51 0.38 0.03 1.81 

6 ? 3944.63 1.36 0.47 0.74 0.19 1.34 

7 F 3441.76 1.63 0.44 0.52 0.02 1.60 

8 M 2681.19 3.19 0.31 0.27 0.03 1.60 

 

 

 

Though regional directions of geostrophic currents varied substantially 

during the tracking period, cyclonic eddy systems (spiraling in clock-wise directions) 

and adjacent anti-cyclonic eddies (usually around 350 km to the west of cyclonic 

eddies) in the mid ocean basin between Java and Western Australia (see Figure 

4.2) were often prominent oceanographic features. These eddies usually 

corresponded with visible regions of biological productivity as indicated by moderate 

near-surface chlorophyll-a (0.2–0.5 mg/m3, see Figure 4.3).
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Figure 4.3. Example of chlorophyll-a concentration map for the mid-winter period (June 2005). 

 

 

The movements of whale sharks corresponded poorly with the probability 

distribution maps from the passive diffusion model using geostrophic currents. 

Average weekly headings (relative to true North) of individual whale sharks varied 

widely and rarely correlated with the prevailing geostrophic current direction, even 

when current velocities were high < 200 cm/s-1 (Figures 4.4 – 4.10).  
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Figure 4.4. (a) Average heading direction (relative to True North) for Shark 1, (b) Geostrophic 

current direction surrounding the tracks of Shark 1, (c) Geostrophic current velocity (cm/s-1) 

surrounding the tracks of Shark 1  
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Figure 4.5 (a) Average heading direction (relative to True North) for Shark 2, (b) Geostrophic 

current direction surrounding the tracks of Shark 2, (c) Geostrophic current velocity (cm/s-1) 

surrounding the tracks of Shark 2 
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Figure 4.6 (a) Average heading direction (relative to True North) for Shark 3, (b) Geostrophic 

current direction surrounding the tracks of Shark 3, (c) Geostrophic current velocity (cm/s-1) 

surrounding the tracks of Shark 3 
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Figure 4.7 (a) Average heading direction (relative to True North) for Shark 5, (b) Geostrophic 

current direction surrounding the tracks of Shark 5, (c) Geostrophic current velocity (cm/s-1) 

surrounding the tracks of Shark 5 
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Figure 4.8 (a) Average heading direction (relative to True North) for Shark 6, (b) Geostrophic 

current direction surrounding the tracks of Shark 6, (c) Geostrophic current velocity (cm/s-1) 

surrounding the tracks of Shark 6 
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Figure 4.9 (a) Average heading direction (relative to True North) for Shark 7, (b) Geostrophic 

current direction surrounding the tracks of Shark 7, (c) Geostrophic current velocity (cm/s-1) 

surrounding the tracks of Shark 7 



 

 138 

 

 

Figure 4.10 (a) Average heading direction (relative to True North) for Shark 8, (b) Geostrophic 

current direction surrounding the tracks of Shark 8, (c) Geostrophic current velocity (cm/s-1) 

surrounding the tracks of Shark 8
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Shark 1 spent a large proportion of weeks heading Northwest (Figure 4.4a) while 

shark 2 spent the greatest proportion of each week moving in either a Northwest 

and/or Westerly direction, aside from initial few weeks where it moved mostly North 

(Figure 4.5a). A strong Northwest flowing geostrophic current (velocity = 377 cm/s-1) 

appeared to be utilized by shark 2 in week 11 of the study, (Figure 4.5b), but 

otherwise there was little to indicate that other sharks were utilizing the prevailing 

geostrophic currents for movement.  Shark 8 spent a large proportion of weeks 

heading North and/or Northeast (Figure 4.10a). 

Similarly, the movements of whale sharks corresponded poorly with the 

probability distribution maps from the passive diffusion model using geostrophic 

currents. Figure 4.11a-f shows the cumulative tracks of individual whale sharks from 

satellite tags compared to probability distribution maps of tracks based on modelled 

passive diffusion by geostrophic currents. These modelled maps were 

parameterised with weekly starting points of whale sharks. 

The generalized linear mixed-effects models indicated that the variables 

which were considered (passive-movement predicted cell occupancy probability and 

near-surface chlorophyll-a) accounted for only a small amount of the deviance in 

probabilities of observed cell occupancies (Table 4.1). Although there was 

reasonable support for a weak effect of chlorophyll-a (Table 4.1, Model 2 wAICc = 

0.371, wBIC = 0.686), this 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 (Figure 4.12) revealed only 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. 
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Figure 4.11 (a). Actual cumulative tracks of whale shark 1 (top left) and (b) whale shark 2 (bottom 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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Figure 4.11 (c). Actual cumulative tracks of whale shark 4 (top left) and (d) whale shark 5 (bottom left) compared with probability distribution maps based on modelled passive diffusion by geostrophic currents (right).  
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Figure 4.11  (e) Actual cumulative tracks of whale shark 6 (top left) and (f.) whale shark 7 (bottom left) compared with probability distribution maps based on modelled passive diffusion by geostrophic currents (right). 
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Figure 4.12. 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 

 

The autocorrelation (acf) function in the R Package (R Development Core 

Team, 2004) was applied to each of the observed cell probability time series for 

each shark. All acf lag probabilities fell within the 95 % confidence interval for the 
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uncorrelated series for all but shark 4, where there was 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. 

 

 

4.5 Discussion 

 

Despite evidence that some marine vertebrates use near-surface currents to aid 

their migration (Polovina et al., 2000; Luschi et al., 2003; Polovina et al., 2004), this 

study found that surface geostrophic currents explained only a small amount of the 

variation in the movements of whale sharks that were tracked from Ningaloo Reef. 

The swimming speeds of those sharks were similar to other whale sharks tracked  

from Ningaloo (Gunn et al., 1999), the Eastern Pacific (Eckert & Stewart, 2001), 

South China Sea (Eckert et al., 2002), Red Sea (Rowat et al., 2007b), and the 

northwest Pacific (Hsu et al., 2007). Basking sharks (Cetorhinus maximus) have 

been observed swimming at slightly faster speeds and constant speeds of around 

3.6 km hr–1 when observed foraging on zooplankton at thermal fronts (Sims, 1999). 

Our tracked whale sharks 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 confirmed 

that whale sharks can effectively swim against prevailing surface currents and the 

sharks show little evidence of seeking out areas where surface currents might have 

otherwise favoured their movement. 

Active swimming against currents will likely be more energetically costly to 

whale sharks compared to moving with currents and as such would invariably 

require energy inputs through feeding. Whale sharks at Ningaloo Reef have been 

observed actively feeding (i.e. open-mouth lunging whilst swimming, slowly making 
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tight circles around prey species) near surface, yet this behaviour is rarely viewed 

during the day and tends to occur at dusk and night (Taylor, 2007). Sub-surface 

passive feeding in whale sharks, has been described whereby sharks undertake 

slow forward movement whilst opening their mouths to maximum capacity and has 

a more commonly observed behaviour in whale sharks at Ningaloo (Taylor, 1994; 

Taylor, 2007). While feeding behaviours have been documented for whale sharks at 

Ningaloo, Taylor (2007) noted that the majority of sharks sighted at Ningaloo are not 

observed feeding.  

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). Limitations of satellite 

data 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 and 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 food that is not directly evident from remotely sensed data, 

unlike the prey of basking sharks that are readily observed at the surface and are 

easily predicted from remote sensing (Sims & Merrett, 1997; Sims & Quayle, 1998). 

After departing from Ningaloo, whale sharks consistently moved towards the 

equator and along the continental shelf of north Western Australia suggesting that 

their movements are non-random and perhaps related to continued active foraging 
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independent of sea-surface currents. Although 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 (Bradshaw et al., 2004; Hays et al., 2004).  

Elasmobranchs are thought to rely on olfactory stimuli for middle-scale 

navigation and orientation, but they may also use these senses to navigate over 

long distances (Montgomery & Walker, 2001). Sound and magnetic fields might also 

be important for navigation cues to whale sharks as has been identified in other 

free-ranging sharks and sea turtles (Klimley, 1993; Lohmann & Lohmann, 1996; 

Montgomery & Walker, 2001; Myrberg, 2001). Identifying and understanding the 

involvement of those cues will require longer term monitoring of movement patterns. 

Future studies of whale shark movements and migration should look to 

engineering tags for prolonged retention, so that movement and behaviour can be 

understood within the context of specific life-history phases (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). Moreover, that information will help develop a framework for 

evaluating habitat requirements of whale sharks to promote effective regional and 

global conservation.  

Overall, this study found little support for geostrophic currents acting as 

passive dispersal mechanisms to whale sharks in the northwest Indian Ocean, with 

the caveat that broad-scale (0.1 degree grids at weekly intervals) data was used 

that may mask potential influences of these currents on whale shark distributions at 

smaller scales (i.e. kms at daily intervals). Alternatively, inherent limitations 

associated with tag (i.e. geolocation and 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 
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movement. 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).  

Our analyses do not consider the interactive influence of other physical processes 

on whale shark movement such as wind in surface oceanography (Ekman drift). 

Ideally, wind stress would have been included in this study had adequate data been 

available for the region. For instance, the only wind anemometer data available 

(courtesy of the Bureau of Meteorology) were from Learmonth airport situated at the 

back of Cape Range (~40 km east of Ningaloo reef) a considerable distance from 

Ningaloo reef and the region in which sharks were tracked. This data was deemed 

inadequate this area is influenced by different weather systems off the Gulf of 

Exmouth (C, Steinberg pers comm.). Data from the Tantabiddi weather station and 

wind anemometer—directly adjacent to Ningaloo (courtesy of Australian Institute of 

Marine Science), were missing for part of the period corresponding 2002 tracks and 

were obsolete for all of the 2005 tracks due technical issues. 

While there are no remotely sensed data available for measuring vertical viscosity of 

the northwest Indian Ocean, new models approximating wind stress (from altimetry) 

could be included in future investigations. 

Regardless of the accuracy of 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 PAT tag studies 

showing diurnal and nocturnal vertical migration, characteristic of feeding behaviour 

(Wilson et al., 2006). Given that this is the case, one needs to more closely identify 

and analyse the relationships between dive locations and biophysical parameters 

within the water column, across whale shark migration routes at various spatial and 

temporal scales. 
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Chapter 5. Whale shark dive patterns relative to ocean temperature 

and dissolved oxygen§ 

 

5.1 Abstract 

 

How whale shark dive patterns correlated with ocean temperatures and 

dissolved oxygen concentrations was investigated by overlaying 3-dimensional 

satellite tracks of tagged sharks (derived from Splash satellite tags) with 

oceanographic data (NOAA-World Ocean Atlas 2005). Frequency distribution 

histograms of temperature and dissolved oxygen were compared throughout a 

region of the Indian Ocean within which all the whale sharks were observed and 

within the specific waters occupied by each whale shark during their dives. Within 

the region the majority (based on all depth strata) of the ocean temperatures were 

skewed towards warmer temperatures (24.01–30˚C) yet the dissolved oxygen 

concentrations were skewed to low levels (<3 ml/l). Whale sharks appeared to dive 

within warm temperatures (24.01 to < 30 ˚C) and high concentrations of dissolved 

oxygen (4 to < 5 ml/l) for the majority of dives (usually > 60%). This pattern of 

habitat use might be explained in part by physiological limitations of large aquatic 

poikilotherms and energetic conservation mechanisms. 

 

 

5.2 Introduction 

 

Spatial (geographic location and depth) and temporal (seasonal and diel) 

variation affect the chemical composition of the oceans (availability of nutrients such 

as Nitrogen and Phosphorus – used in photosynthesis) (Archer et al., 1996). 

Physical oceanography (ocean currents, wind and waves that influence upwelling 

                                                
§ Submitted to Marine & Freshwater Research as ‘Whale shark dive patterns relative to ocean 
temperature and dissolved oxygen’ by Sleeman, JC, Meekan, MG, Stevens, JD, Polovina, JJ, 
Radford, B., Stewart, BS, Wilson, S.G, Boggs, GS, McLean, C. and Bradshaw, CJA. 
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and vertical mixing of nutrients) and the structure of the ocean environment can 

affect the distribution of biological productivity (the abundance of zooplankton and 

phytoplankton and their predators) (Fernández-Álamo & Färber-Lorda, 2006). For 

instance, the waters off the south–western coast of America and north–western 

coast of Africa are among the world’s most productive (Chavez & Barber, 1987), 

with eastern boundary currents and wind induced coastal upwelling driving the re-

suspension and mixing of nutrients from deeper strata through Ekman transport 

(Mann & Lazier, 2006; Aiken et al., 2008). While light is a limiting factor of 

production associated with depth and turbidity of water, turbulence of the water (as 

influenced by the duration and strength of winds and currents) is the main 

contributor to high productivity of plankton and secondary species (particularly 

commercially important fishery species) (Mann & Lazier, 2006). Inherent 

physiological limitations of particular organisms, coupled with the spatial variability 

of productivity, can influence the distribution and space (habitat) use of foraging 

marine animals (Chilvers et al. 2006; Nasby-Lucas et al. 2010). 

 

Animals whose body temperature varies considerably with the ambient 

environmental temperatures are known as ‘poikilotherms’ (Peters, 1983). 

Poikilotherms are affected by thermal changes in their external environments (Vas, 

1990). Historically, ideas about the energetic costs of diving in large planktivorous 

poikilotherms such as basking sharks imply that such species maintain survival on 

an energetic `knife-edge' because the low prey densities that are exploited through 

diving are not adequate to enrich energy lost though performing this foraging 

behaviour (Parker & Boeseman, 1954; Sims, 1999). The assumed energetic trade-

off was that during winter periods when ocean temperatures dropped, sharks would 

hibernate for four months to conserve energy. More recent empirical research found 

that basking sharks foraging thresholds are much lower than previously expected 
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(Sims, 1999) and may also reflect that these animals are able to sustain much lower 

oxygen consumption rates than previous predicted. 

Several other species of shark, including blue sharks (Prionace glauca) 

(Carey & Scharold, 1990; Queiroz et al., 2010), school sharks (Galeorhinus galeus) 

(West & Stevens, 2001), white sharks (Carcharodon carcharias) (Goldman & 

Anderson, 1999; Bruce et al., 2006), mako sharks (Isurus oxyrinchus) (Sepulveda et 

al., 2004) and whale sharks (Rhincodon typus Smith) are known to exhibit vertical 

displacement or diving behaviour in their pelagic habitats. While whale sharks have 

an extensive migratory distribution throughout the tropical oceans of the world, little 

is known about their dive habits. The development of microwave and satellite 

telemetry technology has enabled scientists to understand better the horizontal and 

vertical movements of whale sharks (Gunn et al., 1999; Eckert et al., 2002; Graham 

et al., 2005; Wilson et al., 2006; Hsu et al., 2007; Rowat & Gore, 2007; 

Brunnschweiler et al., 2009). Typically researchers have used ‘Pop-up’ archival tags 

(PAT tags) that store a continuous stream (1-hour interval logs) of 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 PAT tags 

(compared to Splash tags), PAT tags use ambient light-level data to calculate daily 

estimates of latitude and longitude of highly variable accuracy. For instance, the 

mean latitude and longitudinal error in PAT tags can range between 0 and 5.65°  

(Latitude) 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; Bradshaw et 

al., 2002; Teo et al., 2004; Seitz et al., 2006; Wilson et al., 2006)  

The interaction between whale-shark dive locations (determined by basic 

interpolation from satellite locations of Splash tags) and oceanographic variables of 
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dissolved oxygen and temperature, (derived from objectively analysed insitu water 

column profiles) was investigated. Whale sharks like other fish rely on forward 

movement to ventilate their gills (obligate ram ventilation) and to sustain respiratory 

function and support their metabolism (Roberts, 1975; Heyman et al., 2001). Since 

whale sharks are large poikilotherms that are likely to expend sufficient energy 

through horizontal swimming movement alone (given they are unlikely to utilise 

currents to aid in locomotion – see Sleeman et al., 2010), one would expect them to 

have a preference for occupying and limiting diving to warmer waters that also 

contain sufficient dissolved oxygen for respiration and metabolism. This may further 

help explain why whale shark sightings have tended to occur mainly in the tropical 

and temperate regions of the ocean throughout the world (See Chapter 1).  

This study extends on previous spatio-temporal studies investigating links 

between whale sharks and biophysical variables by examining continuous whale 

shark movement (tracks) in both 2 and 3-dimensional planes in association with 

biophysical variables. This study aims to test the hypothesis that as a large 

poikilotherm, whale sharks will conduct dives within the upper temperature limits 

and will occupy water within the upper limits of dissolved oxygen concentrations and 

temperatures. 

 

 

5.3 Methods 

5.3.1 Tag Data 

Four whale sharks (refereed to hereafter as sharks 1, 2, 3 and 4) were tracked 

throughout the Indian Ocean (for up to 3 months) from Ningaloo Reef (113° 36’ E, 

22° 42’ S) in Western Australia (Figure 5.1a & b). Between the 1 and 6 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 Wilson et al. 2006). Once the shark was located by 
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the surface vessel, a snorkeler attached the tag connected to 1-metre 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) to a total duration of 6 hours per histogram.  

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 incomplete and had inconsistent temporal coverage (i.e. 

erroneous and missing values). Consequently, ‘time-at-depth’ was the only 

histogram variable with adequate data coverage to be used for analysis. 

Tagging studies of marine animals have shown that frequent and extensive 

vertical movements cause repeated contraction and expansion of pressure 

housings thereby potentially compromising their structural integrity (Neilsen et al., 

2009). Rapid biofouling of tags in tropical waters might also account for some 

reporting failures (Wilson et al., 2006). 

Initially, surface readings were filtered to remove invalid locations or location 

class errors. Filtering involved omitting location records which had low positional 
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accuracy estimates of greater than 1000 m (i.e., only Argos classes 1, 2 and 3 were 

retained). Point location data were checked for anomalous (obvious outlier) 

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).  
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Figure 5.1 Track locations of tagged whale sharks and, (b) 3-dimensional dive tracks of whale 
sharks in relation to bathymetry. 
 

 

 

 

 

 

 
Figure 5.1. (a) Track locations of tagged whale sharks and, (b) 3-dimensional dive tracks of 

whale sharks in relation to bathymetry. 
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Time-at-depth data was ordered chronologically to correspond with the 

surface location data and the histogram bin data was converted into raw data and 

the mean depth between each surface location point was summarised. Histogram 

data summaries were downloaded as matrices indicating proportion of each dive 

(per binned time interval) relating to each depth interval (e.g. 15m, 25m, 50m). 

These data matrices were transformed into columnar form using an Excel macro so 

that data were represented as depths in one column and proportion of time in 

another. A dive was considered as the averaged depth (derived from a series of 

histogram depth bins) that fell between two surface (transmission) locations, using 

the basic assumption that between two surface transmission points all dives are 

relatively equal and can be summarized as a single averaged dive value. This 

generalisation technique is justified as non-biased 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.  

In order to visualise 3-dimensional track lines for each shark, mid-points were 

derived through spatial interpolation in ArcGIS 9.1 (between two points - every 

surface transmission location and the previous transmission location) and these 

new points were joined in chronological order to the mean depth values 

(representing dives) and existing surface transmission points. 

Analysis of the positional accuracy of track lines of various marine animals 

which have been spatially interpolated from Argos tag locations shows these to be 

unaffected by various interpolation methods (Tremblay et al., 2006). In accordance 

with this, we are confident that the track lines of individual whale sharks are within 

the precision of the tracking technique used (~1000 m)..  
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5.3.2 Oceanographic Data 

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) were used 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 bins. 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.  

Mean dive depth data were joined (spatially and temporally) to corresponding 

oceanographic data layers (dissolved oxygen, temperature), whereby dive depth 

values had to be rounded (up/down) to the nearest depth class of the 

oceanographic data. 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.  

Temperature and dissolved oxygen depth layers that corresponded temporally 

(monthly) and spatially (depth) with mean dive depth point shapefiles were selected 

and the values for these variables were subsequently extracted from the ArcGIS 

raster layers using GridSampler software. 

Using the extracted variables histograms were plotted to display the distribution of 

temperature and dissolved oxygen values within which each whale shark was 

observed. 

 

5.3.3 Analysis 

Generalised linear mixed-effects model (GLMM) were used to establish the 

relative influence of depth, temperature and dissolved oxygen on the dive regimes 

of the four whale sharks, where the histogram bin averages of these variables were 
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parameterised as the main effects. Inspection of the residuals determined that a 

Quasi Poisson statistical error distribution was most appropriate for the analysis 

(given the histogram bin data was highly skewed to the right - low bin values) with a 

penalized spline smoothing function. The error structure of GLMM corrects for non-

independence of statistical units (interpolated bio-physical variables for each 6-hour 

histogram bin) due to shared temporal structure (months), and permits the 'random 

effects' variance explained at different levels of clustering (months) to be 

decomposed. Prior to analysis raw data were organised into histogram bin groups 

with 5 binned classes (representing ordinal numbers 1–5) using a K-means cluster 

analysis which partitioned each data value so that it fell into class with the nearest 

mean. This method of simplifying noisy data is useful for verifying that classes 

represent natural breaks in the data distribution (Hartigan & Wong, 1979; Legendre 

& Legendre, 1998). Any potential collinearity between variables was determined by 

deriving a Spearman’s correlation matrix. 

Model comparisons of the independent effects of each variable were 

determined based on Pearson chi-squared statistics, P-values and the levels of 

significance. 

SAM software package (Spatial Analysis in MacroEcology) (Rangel et al., 

2010) was used to apply Moran's I spatial autocorrelation coefficients to each of the 

observed biophysical variables (dissolved oxygen and temperature) for each shark. 

A total of 18 distance classes was used, with upper limit of classes being; 73, 200, 

317, 439, 558, 668, 773, 882, 998, 1124, 1258, 1409, 1629, 1949, 2278, 2559, 2855 

and 3701 kms. We resampled the residuals data (Monte Carlo) with 1000 

permutations to establish the statistical significance of Moran’s I for each of the 

modeled biophysical variables. 
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5.4 Results 

All variables including depth, dissolved oxygen and temperature were 

moderately highly correlated (depth was highly negatively correlated with other 

variables) (Table 5.1).The GLMM model results indicate that depth had the greatest 

capacity to explain the variation in diving regimes between all whale sharks – which 

is to be expected given that sharks were deliberately diving to change their depth in 

the water column. Both dissolved oxygen and temperature were of similar high 

significance (~0.1) in explaining variability in dive histograms (Table 5.2). Plotted 

correlograms for both variables (dissolved oxygen and temperature) showed only 

minor positive spatial auto-correlation is present at short lag distances (less than 

250 kms) (Figure 5.2a & b). In the first distance class (<73 km), Moran’s I was equal 

to 0.31 and 0.23 for dissolved oxygen and temperature respectively. Both dissolved 

oxygen and temperature showed similar patterns in positive autocorrelation at 

distances of <450 km and negative autocorrelation at distances between 450–1,800 

kms (albeit with relatively lower correlation that at short distances). This suggests 

that both these variables display typical ecological gradients for aquatic 

environments whereby variables sampled far apart will take on very different values 

compared to those sampled together (Legendre & Fortin, 1989). This also suggests 

that spatial auto-correlation may only be an issue for whale shark dives that were 

located relatively close to each other and therefore, the relative importance of 

dissolved oxygen and temperature (within these spatial domains) could be 

somewhat overestimated in the GLMM (Zuur et al., 2009).  
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Figure 5.2 Spatial correlograms for (a) dissolved oxygen and (b) temperature. Blue area -  

indicates the limits for maximum possible Moran’s I corresponding with the connectivity 

structure for each distance class, pink curve – indicates 95% confidence intervals, and red dots 

indicate Moran’s I for each distance class. All correlograms have Type I errors < 0.001. 
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Despite the minor autocorrelation between short lag distances, the overall 

model results indicate that dissolved oxygen and temperature independently have a 

generally strong influence on dictating the dive patterns in these whale sharks. 

 

 

Table 5.1.Correlation matrix between Depth, Dissolved Oxygen and Temperature 

 

 Depth Dissolved Oxygen 

Dissolved Oxygen -0.861 - 

Temperature -0.852 0.733 

 

 

 

Table 5.2: Generalised linear mixed-effects models and their chi-squared statistics for random 

effects samples using Dissolved oxygen, Temperature and Depth to estimate trends in 6-hourly 

dive histograms of whalesharks (* = significant variable, *** = highly significant variable). 

 

Main effect residual.df edf chi.sq p-value scale n significance 

Dissolved_ 

Oxygen.bin 
137 1.6 6.785 0.023 11.427 140 0.1 (*) 

Temperature

.bin 
139 1 6.443 0.012 15.444 141 0.1 (*) 

Depth.bin 154 1 29.437 2.20E
-07 11.388 156 0.0001 (***) 

 

The majority (> 63%) of the ocean area that the satellite tracked whale 

sharks were observed to occupy and dive had high temperatures ranging between 

24.01 and 30 C (Figure 5.3a and Figure 5.4a). More than 60% of the ocean area 

available to whale sharks had low ranges of dissolved oxygen (0–3 ml/l) (Figure 

5.2b). Every shark except for shark 4 made at least 50% of their dives in areas of 

the ocean containing high temperatures (24.01 to < 30 ˚C) (Figure 5.4a). Shark 2 

occupied water of high temperatures (~25–27 ˚C) throughout the majority of dives. 

Shark 4 made all of its dives in medium to high water temperatures (12.01 to < 30 

˚C) (Figure 5.3a).
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Figure 5.3. (a) Distribution of temperature and (b) distribution of dissolved oxygen 
concentrations throughout the Indian Ocean in which the whale sharks were observed. 
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Figure 5.4 (a) frequency distribution of temperatures and (b) dissolved oxygen concentrations 
corresponding to dives by whale sharks
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Greater than 50% of dives by sharks 1, 2 and 4 were in waters rich in 

dissolved oxygen (4 to < 5 ml/l) (Figure 5.4b). At least a third of shark 3’s dives were 

in waters rich in dissolved oxygen (4 to < 5 ml/l), but at least a third of the dives also 

occurred in waters with low concentrations of dissolved oxygen (<3 ml/l) (Figure 

5.4b). 

Sharks 1 and 2 conducted the largest proportion (< 60%) of their dives in 

depths less than 100 m (Figure 5.5). Around 30% of dives by sharks 3 and 4 were in 

depths greater than 300 m (Figure 5.5). Overall sharks 1, 2 and 3 appeared to 

select warmer waters that were also rich in dissolved oxygen, despite the fact that 

shark 3 exploited deeper areas of oceans. Shark 4 did not display an obvious 

selection for warmer waters, but did favour water rich in dissolved oxygen and had 

the greatest variation in depths exploited (Figure 5.5 and Figures 5.6a) compared to 

other sharks sampled 

While there was generally a wide distribution in the levels of the various 

biophysical variables that sharks experienced during their dives, the median 

environmental ranges of depth, dissolved oxygen and temperature were relatively 

similar between sharks (Figures 5.6a, b & c). This may represent preferential 

occupation of water depths in the productive euphotic zone (<100m isobaths) 

(Dugdale & Goering, 1967) where dissolved oxygen levels are relatively high and 

surface waters are moderately warm (. 
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Figure  

Figure 5.6 Frequency distribution of depths occupied by whale sharks during Figure 5.5 
Figure 5.5 Frequency distribution of depths occupied by whale sharks during dives 
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Figure 5.6 Box plots indicating the differences between environmental variables experienced by 
individual whale sharks including; (a) dive depths, (b) dissolved oxygen levels and (c) 
temperatures based on 6 hourly histogram summaries. (‘●’ = 5th/95th percentile, middle line = 
median & +/- standard error bars included). 
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5.5 Discussion 

 

Metabolic rates of animals typically 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 depends primarily on temperature (and salinity and pressure) 

(Weiss, 1970), such that oxygen solubility (dissolved oxygen) decreases with 

increasing temperature. According to this logic one would expect to find the largest 

aquatic poikilotherms such as the world’s largest fish ‘the whale shark’ in 

shallower/warmer waters. Trends observed in the 4 sharks studied here support this 

hypothesis (figures 5.5 to 5.6). 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 

(Sims, 1999). However, Graham et al. (2005) suggested that whale sharks may be 

able to tolerate low temperatures for short periods due to their layer of 

subcutaneous fat. 

Large variations in diving depth in association with depth changes in prey 

abundance have been observed for a wide range of marine vertebrates including all 

three planktivorous shark species: the basking shark Cetorhinus maximus 

(Gunnerus) (Sims et al., 2005), the megamouth shark Megachasma pelagios 

Taylor, Compagno & Struhsaker, 1983 (Nelson et al., 1997) and the whale shark R. 

typus (Gunn et al., 1999; Wilson et al., 2006).  

When diving and migrating from Ningaloo Reef in 2005, at least three of the 

four tagged whale sharks used areas of ocean with higher temperatures and 

dissolved oxygen concentrations than surrounding regions. This is based on the 
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apparent lack of correspondence between water temperatures or dissolved oxygen 

concentrations within which whale sharks occurred and the overall pattern low 

dissolved oxygen concentrations (0–3 ml/l) found throughout a large proportion (> 

60% of the area) of the north–east Indian Ocean environment between April and 

September. 

Our results correspond well with other whale shark studies where diving 

mainly occurred in shallow waters of the euphotic/epipelagic zone (<100m ) for the 

most sharks (three out of four) yet there were occasional deep dives which 

descended into the bathypelagic regions of the ocean (<5% dives for Shark 1 and 4) 

(Eckert & Stewart, 2001; Graham et al., 2005; Wilson et al., 2006; Brunnschweiler et 

al., 2009). As with the findings of other whale shark dive studies, the sharks in this 

study experienced a broad range of ambient temperatures through diving to 

different depths (Graham et al., 2005; Wilson et al., 2006; Brunnschweiler et al., 

2009) indicating that while they are pan-tropical/sub-tropical species they are able to 

tolerate cooler temperatures. While this study does not differentiate between 

differences in diurnal and nocturnal diving patterns, several other whale shark dive 

studies have found generally found them to exhibit either diurnal deep dives and 

relatively shallow dives at night (Graham et al., 2005; Wilson et al., 2006), with one 

study showing that more diving occurs in the top 100m during the day compared to 

at night (Brunnschweiler et al., 2009). These observed diel changes in depth with 

whale sharks are likely to be behavioural foraging adaptations which allow them to 

better exploit patchy zooplankton distributions (Sims et al., 2005; Shepard et al., 

2006) which could also be related to changes in internal wave forcing by deep-sea 

tides and subsequent re-suspension of nutrients particularly given that the North 

West Shelf is known to experience some of the largest tidal ranges (~8–10m) in the 

Southern Hemisphere (Holloway, 1983; Holloway et al., 2001; Shepard et al., 2006). 

Unlike basking sharks that have been shown to generally display normal diel vertical 

migration (DVM) and reversed directional diel vertical migration (when responding to 
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prey in coastal areas) (Sims et al., 2005; Shepard et al., 2006; Gore et al., 2008), 

whale sharks tend to only exhibit normal diel vertical migration patterns in 

accordance with zooplankton such that they ascend into shallow water during the 

night and migrate to deeper water during the day (Lampert, 1989; Graham et al., 

2005; Rowat & Gore, 2007).  

Another possible explanation for the deep dives observed by whale sharks 

through vertical depth strata (epipelagic to bathypelagic zones) is that they move to 

certain strata layers to acquire navigational cues such as those brought about by 

subsurface currents (Brunnschweiler et al., 2009) or differences in the intensity of 

localised magnetic gradients (Klimley, 1993). 

Studies of whale shark dive behaviours in the Sea of Cortez, Mexico, at 

Ningaloo Reef in Western Australia and in the north–western Pacific near Taiwan 

indicate that these sharks spend mostly > 80% of their time in shallow water (< 10 m 

depth) and occur within warm temperatures of 20–32 C (Gunn et al., 1999; Eckert 

& Stewart, 2001; Hsu et al., 2007). Whale sharks tagged off the Seychelles in the 

Indian Ocean were generally found to occupy shallow (<10m) depths with water 

temperatures between 25 and 27.5 ◦C for the majority (52–78% ) of the time (Rowat 

& Gore, 2007). Whale sharks mainly undertake diurnal dives and remain in shallow 

water during the night (Vas, 1990; Graham et al., 2005; Wilson et al., 2006) . In the 

Gladden Spit Marine Reserve, Belize (Meso-America) Graham et al. (2005) 

recorded 3 whale sharks diving as deep as 979.5 m where temperatures were 

below 7.6 C, although most sharks spent > 80% of their time in waters 25–30 C. 

Graham et al. (2005) found that for deep dives, ascents were significantly faster 

than descents and were presumably a thermoregulatory behaviour that also 

enabled re-oxygenation of the gills following time spent in low oxygen layers of the 

water column. Graham et al. (2005) also proposed that deeper diving behaviour was 

likely a response to patchy distributions of prey as a result of vertical migration 
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patterns associated with circadian cycles. Graham et al. (2005) further surmised 

that whale sharks might be able to withstand low temperatures given their  thick 

subcutaneous fat layers and thermal inertia, thus enabling them to minimise further 

energy loss (beyond that expended upon descending and ascending) through 

convection.  

In any case, the large energetic requirements of this large free-ranging 

poikilotherm will dictate the need for regular foraging. A longstanding hypothesis on 

the energetics of another large free ranging poikilotherm, the basking shark, is that 

they cannot derive enough net energy from apparent low densities of prey, they are 

thus defined as living on an energetic ‘knife-edge’ (Parker & Boeseman, 1954). If 

whale sharks are expending little energy when occupying surface waters yet 

encounter no prey there is only a net loss of energy from swimming (albeit low). If 

sharks expend more energy to dive when prey abundance is low, the costs of 

foraging for zooplankton will probably exceed the net energy gained from feeding 

but hopefully this is less of an energetic loss than by having no forage. When whale 

sharks encounter and feed on large aggregations of prey species, they might 

overcompensate and store reserves of energy in subcutaneous fat layers as an 

energetic trade-off for periods without food. Arguably these pulses of food would 

provide enough energy for metabolic functions and growth. 

 

It has been proposed that occasional deep dives could allow sharks to sample 

water layers of differing density and detect chemosensory stimuli of their prey items 

(Sims, 2003) such as dimethyl sulphide (DMS)—a product of the breakdown of 

phytoplankton when it is grazed upon by zooplankton (Rowat & Gore, 2007). While 

it is unknown whether these whale sharks were diving deeply to forage for 

zooplankton, it would be interesting to use ‘insitu’ measurements of chlorophyll-a at 

different depth profiles to see how these relate to whale shark dives. 
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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.  

Future studies should consider how whale shark habitat utilisation and the 

extent of diving varies at different times of the year with and how these changes 

relate with dissolved oxygen levels and temperatures at depth. It may be found that 

temperature and (more importantly), dissolved oxygen concentrations play an 

important role in limiting the depth of the acceptable habitat for whale sharks as it 

has been indicated for billfish and other tropical pelagic fishes (Prince & Goodyear, 

2006). 
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Chapter 6. General Discussion and Conclusions  

 

6.1 Overall findings of the present study  

 

Through analysis of sighting records of whale sharks (Chapters 1 and 2), 

modelling Ningaloo marine megafauna distributions (Chapter 3) and whale shark 

movement tracks and dive profiles (Chapters 4 and 5) in relation to a variety of 

biophysical variables, new insight has been gained about the spatial and temporal 

distributions of these animals. In particular, this research has developed a clearer 

understanding of how whale sharks in the East Indian ocean are influenced by 

biophysical variables of the ocean and atmosphere at several spatial and temporal 

scales. Whale sharks have been observed and recorded off Ningaloo Reef in 

Western Australia more frequently than in any other location throughout the world 

(Holmberg et al., 2009; Rowat & Brooks, 2012), yet their aggregation density in the 

ocean basin off Australia is not as high as in the Philippines or Mozambique, for 

reasons yet to be determined. The seasonal occurrence of whale sharks at 

Ningaloo Reef appears to be related to foraging and feeding (Taylor, 1996) and 

whale sharks have been directly and indirectly observed (through acoustic sampling 

and faecal samples) to consume the neritic euphusiid Psuedeuphasia latifrons that 

occurs in high abundances at Ningaloo Reef (Taylor & Grigg, 1991; Wilson & 

Newbound, 2001; Wilson et al., 2001a; 2002; Wilson et al., 2003a; Wilson et al., 

2003b; Taylor, 2007). 

For the five years between 1999–2004, the relative abundance of whale sharks 

(during their peak period of seasonal aggregation off Ningaloo Reef—generally 

during April and May), was found to be influenced largely by a combination of 

broad-scale factors such as the Southern Oscillation Index (SOI) and localised 

factors such as east–west wind shear. This may indicate that changes in the 

strength of broad-scale (hundreds/thousands of kms) oceanographic processes 
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such as the Leeuwin Current that are largely influenced by the SOI (operating at 

scales spanning multiple ocean basins), which have an overarching influence on the 

availability of nutrients transported along the continental shelf off Ningaloo Reef. 

The availability of nutrients from large scale oceanographic processes coupled with 

the secondary influence of east–west wind shear to drive up-welled nutrients 

inshore, may potentially provide favourable localised conditions that support the 

proliferation of phytoplankton and their predators including krill species such as 

Psuedeuphasia latifrons. During La Niña’ periods when the Southern Oscillation 

Index is high and east–west wind shear is present, whale sharks may sense 

changes in their environment and respond by actively moving (given they are 

unlikely to be transported by currents) towards inshore areas at Ningaloo Reef in 

search of krill, thus providing an explanation for increased observational records 

during these times.  

Off the south–west coast of Australia (Rottnest Island) during La Niña years, 

there are analogous patterns of increased abundance of demersal fish species 

‘Abudefduf spp.’ (during their pelagic pre-settlement stage) which are said to also be 

attributed to the stronger Leeuwin Current brought about in this climatic phase 

(Pearce & Hutchins, 2009). The transport of fish larvae offshore into the Leeuwin 

Current are believed to be further facilitated by the summer wind regime at the 

Abrolhos Islands which is strongly from the south and likely to generate a similar 

pattern (as perceived at Ningaloo) with east–west wind shear that stimulates Ekman 

drift from of the near-surface waters (Pearce & Hutchins, 2009). A study on another 

free-ranging (moving 1000’s kms) marine organism in the Indian Ocean (southern) – 

the black-browed albatross, has shown that warm spring/summer (September–April) 

SSTs and winter (May–August) SOI (lagged for 3 years) influenced positive 

breeding success (and hence positively influenced abundance of albatrosses) 

between 1986–2004 (Rolland et al., 2008). The authors suggest that albatross 

abundance was affected by oceanographic mechanisms (i.e. currents & eddies) that 
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influence the abundance and distribution of prey available to feeding fledglings (i.e. 

plankton, fish and squid) (Rolland et al., 2008).  

Our studies have shown that whale sharks do not appear to be directly 

transported by surface currents during La Niña years, unlike other demersal fish, yet 

one cannot rule out the combined influence of east–west wind shear and surface 

currents (Ekman drift) in aiding their transportation (be it through movement and/or 

through directional cues) to Ningaloo reef during this climatic phase (Sleeman et al., 

2010a). The increased abundance of whale sharks seen at Ningaloo during La Niña 

years, unlike the example with the albatrosses, does not appear to be attributed to 

increased reproductive output given that other evidence suggests that this 

population is declining (Bradshaw et al., 2007). 

In the southern Indian Ocean the effects of changes in the broad-scale 

variable ‘SOI’ are apparently experienced ~ 3 years later, (presumably because 

local ocean surface warming is delayed due to its thermal inertia) (Klein, 1999). 

In the north east Indian Ocean around Ningaloo, the effects of dramatic seasonal 

changes in the SOI are likely to be far more immediate (<~3 months) at influencing 

localised oceanographic productivity mechanisms that correspond with changes in 

sea surface temperature (i.e. the Leeuwin Current) (Deng et al., 2008). This is likely 

to be enhanced during summer (January) when wind driven upwelling (Ekman drift) 

transports substantial amounts of heat from both the northern and southern shelf 

(Godfrey & Mansbridge, 2000).  

As a broad-scale climatic variable, SOI generally undergoes gradual shifts 

(+/-) compared to more erratically changing variables such as wind shear (Wilson et 

al., 2001b; Woo et al., 2006; Deng et al., 2008). Consequently SOI is likely to be a 

more robust / generalised factor with which to explain other underlying processes it 

influences (i.e. SST, the strength of the Leeuwin/Ningaloo currents and the 

consequent marine animals that interact with it) (Sleeman et al., 2010a). What 
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remains to be understood is how specific prey items such as zooplankton are 

influenced by SOI and whether whale sharks opportunistically switch prey 

preference relative to prey abundance and whether this is invariably influenced by 

changes in biophysical factors (Meekan et al., 2009).  

 

 If the large seasonal abundance of whale sharks at Ningaloo is attributed 

mainly to feeding and these are influenced by specific combinations of biophysical 

variables, how are the relative abundances of other trophic groups of megafauna 

found at Ningaloo influenced by similar biophysical variables? 

 

 Examination of around two years (between June 2000 and April 2002) of 

localised/fine-scale (10–100s of kms) distribution patterns of krill-feeding megafauna 

(humpback whales Megaptera novaeangliae, pygmy blue whales Balaenoptera 

musculus brevicauda, minke whales B. acutorostrata, whale sharks Rhincodon 

typus, manta rays Manta birostris and mobulid rays Mobula eregoodootenkee) 

provided evidence of some similarities in local aggregation ranges among these 

animals despite some outliers occurring (humpback whales)(Sleeman et al., 2007). 

For instance, humpback whales had the highest sighting occurrence approximately 

5 km west of Tantabiddi and 30 km north of the Murion Islands (where the 

continental shelfs drops from 100–200m) while the highest sighting occurrence of 

manta rays and whale sharks corresponded with inshore (<50m depth) fish/krill 

schools that were often sighted close to the coast around Yardie Creek and west of 

Norwegian Bay (Sleeman et al., 2007). While minke whales, whale sharks and 

manta rays are all likely to eat similar prey items, the humpback whales observed 

off Ningaloo were unlikely to be foraging or seeking-out krill aggregations 

(particularly given their distance from fish/krill schools) and were probably 

undertaking their seasonal northerly migration into warmer waters (Sleeman et al., 

2007). 
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The high densities of manta rays, whale sharks and fish-krill schools at 

specific shallow water (<50m depth) localities around Ningaloo Reef indicates that 

certain inshore areas are likely to provide the necessary conditions for krill schools 

to aggregate (Wilson et al., 2002; Sleeman et al., 2007). Whether certain localities 

are better at supporting krill aggregations due to the prevailing biophysical 

processes and the interaction of these with the specific topography of the reef, and 

whether these factors act to trap zooplankton and/or provide local hotspots for 

zooplankton prey items remains to be investigated (Wilson et al., 2002). 

There was a pattern in the co-occurrence between the relative abundance of 

some krill feeding megafauna, fish/krill schools and southerly winds that generate 

east–west shear as observed during the beginning of April, towards the end of July 

and the beginning of August (2000 and 2001). Throughout these autumn and winter 

months when southerly winds prevail, minke whales, whale sharks and manta rays 

were most apparent at Ningaloo. Despite this, chlorophyll-a concentrations were 

generally moderate to high (between <0.5–~0.35 mg/m-3) and declining during the 

periods in which peak observations of these krill feeding organisms occurred off 

Ningaloo. The decline in chlorophyll-a following a peak may reflect resource 

limitations by phytoplankton and natural mortality and/or the recent crash grazing of 

phytoplankton by proliferating zooplankton. The latter explanation relies on the 

premise that there should be a regular lag period associated with the trophic 

transfer of energy from high chlorophyll-a levels associated with peaks in 

phytoplankton abundance to the assimilation of this chlorophyll and subsequent 

proliferation of zooplankton populations that feed on this phytoplankton. 

Unfortunately, a regular temporal lag period (several days/weeks or months) 

between high chlorophyll-a concentrations and the occurrences of krill feeders such 

as whale sharks could not be determined due to the limitations in the relatively short 

timespan of the available data.  
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At localised spatial scales,(along Ningaloo Reef) a combination of co-

occurring variables including sea surface temperature, chlorophyll-a and depth were 

able to best explain the patterns in biomass of krill feeders (excluding humpback 

whales)(Sleeman et al., 2007). This indicates that high sea-surface temperatures, 

shallow depths and moderate to high chlorophyll-a concentrations provide the 

localised conditions necessary to support the occurrence of krill and krill-feeding 

megafauna such as whale sharks.  

The findings of Chapter 2 and 3 indicate that SOI and wind shear are useful 

predictors of krill-feeding whale abundance at a broad spatial and temporal scales, 

whilst sea surface temperature, chlorophyll-a and depth (combined) are better for 

resolving localised patterns of abundance of these species. These apparent 

disparities between the influences of different biophysical variables on krill feeders 

at different spatial and temporal scales might in part be explained by their 

autocorrelation. Alternately, these disparities could be explained by the fact that 

more localised biophysical processes are harder to discern compared to larger and 

more persistent environmental processes at broad-spatial and temporal scales. In 

contrast, if we zoom-in and look at brief snapshots of broad-scale biophysical 

processes these might be more difficult to identify compared to smaller-scale 

processes with larger variability and gradients that might be more easily resolved in 

context with shark distributions at fine scales. 

In a comparable study to that of Chapter 3, researchers investigated the link 

between seasonal abundance / aggregations of zooplanktivorous pygmy blue 

whales (as observed from aerial surveys) and the physical oceanographic 

processes associated with the Perth canyon (Rennie et al., 2009). The study found 

a strong correspondence between whale aggregations and upwelling that occurred 

at depths of around 300–600m which was associated with a cyclonic eddy 

influenced by the divergence of flow of the Leeuwin current impinging on the 

plateau. Interestingly, chlorophyll-a concentrations and phytoplankton were found to 
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be significantly high over the canyon axis at ~90 m and rose up at the shelf head 

(~50m) where the temperature was low and the water depth was less than 200m. In 

a simulated oceanographic model the author identified the potential existence of 

small trapped eddies in the tip and gully that may be important for influencing 

localised productivity and aggregating krill and may further explain the dense 

sightings of whales feeding near the canyon head and within the gully (Rennie et al., 

2009).  

The bathymetric shelf off Ningaloo reef is similar to the Perth canyon in 

relation to bathymetric topography and the influence from the Leeuwin current, yet it 

differs by having a closer proximity to the coast and as such is generally shallower 

and has a greater variety of environments (i.e. mangroves, reef slope, reef flats etc). 

Consequently, we would expect the Ningaloo reef region to support a greater variety 

of trophic groups of marine megafauna including invertebrate/macroalage feeders 

which require shallow substrate and high light attenuation for their food production.  

The fine-scale distribution patterns exhibited by fish/cephalopod feeding 

marine megafauna such as dolphins at Ningaloo are also in relative agreement with 

other cetacean studies, including those on harbour dolphins (Phocoena phocoena) 

in the Bay of Fundy, where aggregations were found to correspond with locally 

restricted bathymetric features around islands, headlands and reefs which had 

enhanced relative vorticity (Johnston et al., 2005). In Chapter 3, large aggregations 

of dolphins were observed in a sheltered embayment off the tip of Bundegi Point 

(north eastern tip of the Ningaloo cape) and at the mouth of the reef opening off 

Yardie Creek (see Figure 3.1) (Sleeman et al. 2007). Presumably these restricted 

areas provide mechanisms for enhancing the capture of prey items. 

Through the investigation of megafauna survey locations with remotely 

sensed biophysical data this research has provided a baseline understanding of 

medium term (~2 years) localised seasonal distributions of whale sharks and other 
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marine megafauna at Ningaloo in relation to their feeding (trophic level) habits, 

which will be useful for future comparisons. 

 

 

In Chapter 4, an investigation was carried out to establish how whale sharks 

navigate to and from potential feeding aggregation sites such as Ningaloo reef and 

whether they use active locomotion or they are assisted via passive drifting in 

currents. The broad-scale distribution tracks of seven satellite-tagged whale sharks 

were analysed in association with geostrophic currents (as influenced by weekly 

changes in atmospheric pressure / mean sea-level height and the Coriolis effect). 

This research revealed that there was very poor correspondence between the 

directional movements of whale sharks and weekly changes in the direction and 

velocity of geostrophic currents, indicating that surface currents associated with 

mean sea-level height and the Coriolis effect are of little influence in transporting 

whale sharks to particular coastal areas. These finding of this study do not 

acknowledge the interactive influence of other physical processes on whale shark 

movement such as wind in surface oceanography and subsurface currents that may 

have a substantive effect on current direction and speed at different depths 

particularly those that operate across broad-scale areas of ocean basins. 

 

A study on another large zooplanktivorous fish the ocean sunfish (Mola 

mola) off  the coast of Kamogawa, Japan showed that unlike whale sharks these 

animals do not undertake basin-scale migrations but instead occasionally undertake 

small regional seasonal movements north as the southern waters warmed and 

became depleted of chlorophyll  (and associated zooplankton) and then migrate 

back south to inshore areas during fall (Dewar et al., 2010). The recorded 

movements of the ocean sunfish were believed to be highly consistent with the 

known characteristics of these two prevailing currents (Kuroshio and Oyashio 
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Currents), yet no active or remotely sensed measurements of geostrophic flow or 

other current circulation parameters were made. In any case, if the results were 

indicative of migratory patterns in ocean sun fish, these present some highly 

contrasting life-histories (drifting vs. active swimming) when compared to patterns 

observed here for whale sharks. 

 

In order to resolve whether migratory marine animals are drifting or 

swimming based on analysis of their trajectories Gaspar et al., (2006) suggested 

using a track characterization model in unison with current data. This process 

enabled the authors to better understand the behaviour of leatherback turtles 

(Dermochelys coriacea) by identifying whether animals had directed displacements 

whilst travelling (directed motion) or foraging (erratic motion). The authors 

concluded that currents can have highly variable effects on marine animals’ tracks 

(yet impacts are rarely negligible) but could not make further generalisations about 

the species given the study only included a sample of n= 1. 

Similarly, in this study there is a very small sample size of whale sharks (n= 

8), of which all displayed different movement trajectories that would not warrant any 

gross generalisations about a species the species as a whole without providing 

bias. 

Studies of other predatory marine animals have found different biophysical 

associations between animals and their environments when analysed in relation to 

seasonality and life-history stages (Bradshaw et al., 2004; Littaye et al., 2004). For 

instance, Bradshaw et al. (2004) found for female southern elephant seals 

(Mirounga leonina) foraging distributions following lsummer lactation were during 

weakly linked to sea surface temperature (SST) and SST gradients (positive 

relationships). Winter distributions of seals following moulting were positively 

influenced by SST gradients alone. The authors concluded that SST gradients 

(associated with frontal features) could indicate areas of higher productivity, yet 
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despite these identified biophysical predictors, seals might have evolved individual 

foraging regions, which may over-ride oceanographic influences. In a similar study 

Littaye et al. (2004) showed fin whale (Balaenoptera physalus) sightings in the 

Mediterranean were more closely linked to short-term measurements of sea surface 

temperature during spring whereas in summer they were better explained by short 

and longer-term measurements of primary production. The authors concluded that 

thermal front zones must demarcate areas of low prey density during spring 

whereas in summer fin whale aggregations were in areas where spring primary 

production had already peaked and generated zooplankton recruitment (Littaye et 

al., 2004). 

The models used to investigate relationships between megafauna and 

biophysical variables in Chapters 2 and 3, did account for seasonal influences yet 

these were not important predictors, this could reflect the restricted data sampling 

periods (generally autumn and winter months). Further influences of different life 

history phases on relationships between distribution and biophysical variables were 

not explored through this study. Nevertheless, evidence suggests that whale sharks 

at Ningaloo are mostly immature males thus there is unlikely to be much variation in 

life-history phases of this species (Meekan et al., 2006). 

 

A comprehensive analysis of all physical processes (wind, waves and 

currents) and the use of a larger sample of whale shark movement tracks (from 

different years) would be needed to conclusively determine whether whale sharks 

leaving Ningaloo Reef are utilising surface currents to assist their locomotion 

(Sleeman et al., 2010b).. Whale sharks tend to spend a substantial amount of time 

in surface waters (depths <20m), yet have highly variable movement patterns that 

are not generally in correspondence with geostrophic surface currents (direction and 

speed) and as such much of their movement is likely to be undertaken through 

active locomotion (Gunn et al., 1999; Wilson et al., 2006; Sleeman et al., 2010b). If 
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whale sharks that leave Ningaloo Reef are actively foraging or responding to 

particular biophysical cues in the open ocean, both the cues and the behavioural 

responses that influence this movement need to be identified in unison rather than 

in isolation (as I have done here). In addition, given there was only minor support for 

whale sharks actively moving towards chlorophyll-a hotspots, we need to either 

investigate whale shark distributions either along with chlorophyll-a in relation to 

various lag periods (given zooplankton will proliferate following plankton blooms) or 

other proxies for ‘productivity’ or abundance of krill/prey items need to be 

determined (George et al., 2012). Whale shark movement in the open ocean could 

potentially be influenced by responses to particular zooplankton prey items which 

exhibit differences in their vertical migration patterns and these may not necessarily 

be indirectly attributed to high or particular concentrations of chlorophyll-a. The 

impetus for large-scale geographic movement in whale sharks remains largely 

unknown. A plausible explanation for this planktivorous shark species is that 

individuals move between locations with high densities of planktonic organisms 

(Sims & Quayle, 1998; Heyman et al., 2001; Sims et al., 2003), yet how whale 

sharks know to navigate to these areas to exploit this food remains a mystery. 

Investigating how whale sharks move within their 3-dimensional environment 

and how they interact with changes in biophysical factors in the water column is 

likely to provide a better understanding of whether these animals are behaviourally 

responding to particular stimuli. This may then provide a basis for helping to 

reconcile why these large animals move across vast ocean-basins. In the absence 

of behavioural data, the application of fractal models of animal search can be used 

to compare animal tracks / search patterns relative to biophysical variables and 

determine routes that might indicate whether an animal is foraging for sparse prey 

(optimal Lévy flight patterns) versus abundant prey (simple Brownian motion) 

(Bartumeus, 2008; Sims et al., 2011). 
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The final study (Chapter 5) attempted to identify how whale shark movement 

throughout the open ocean is related to physiological limitations such as 

temperature and dissolved oxygen levels and as such involved an analysis between 

dive locations and biophysical parameters within the water column. While whale 

sharks are mainly observed in surface waters and on rare occasion have been 

known to dive to very deep depths (Graham et al., 2005), most individuals in our 

study undertook moderate dives (75–150m) within warm temperatures (24.01 to < 

30 ˚C) and high concentrations of dissolved oxygen (4 to < 5 ml/l). This pattern of 

habitat use might be explained partly as foraging, given that the Deep Chlorophyll 

Maximum (DCM) has typically been identified off the North West Shelf at around 

depths between 50–200m (and often deeper offshore) (Wilson et al., 2002; Hanson 

et al., 2005). The predominant use of waters with high dissolved oxygen and warm 

temperatures by whale sharks may also be partly explained by physiological 

limitations and energetic conservation mechanisms of this large aquatic poikilotherm 

that can adequately exploit subsurface zooplankton through diel and slightly 

reverse-diel vertical migration (Graham et al., 2005; Wilson et al., 2006) whilst 

limiting deep dives into cooler, less oxygenated water (i.e. to escape predators).  

A study that examined the species richness of predators such as tuna, 

billfish, sharks, and sea turtles and zooplankton throughout the world (from observer 

records) found a strong correlation between diversity and habitats as characterized 

by warm waters (~25˚C) with sufficient oxygen concentrations (92 ml /l) in 

combination with mesoscale oceanographic gradients, resulting in the formation of 

productivity zones around thermal fronts and eddies (Worm et al., 2005).  

Our investigation of the influences of biophysical factors on whale shark 

diving has yielded little to directly account for habitat preference of zooplankton 

(based on correlation with temperature, depth and dissolved oxygen). Nevertheless, 

one could infer that there are some relationships between the whale shark 

trajectories and productivity generated by ocean circulation processes (eddies) as 
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identified from analysis as geostrophic circulation troughs in the vicinity of shark 

tracks (Chapter 4). 

 

Lethal thresholds of dissolved oxygen for fishes are generally poorly 

understood, yet in one study it was found that lethal concentrations ranged between 

0.5 – 3.3 ml /l and that pelagic fishes were generally more sensitive (with lower 

thresholds) than coastal species (Miller et al., 2002). The dissolved oxygen 

concentrations identified as lethal by Miller et al. (2002) are basically analogous with 

the levels that corresponded with the majority of whale sharks during their dives in 

Chapter 5. Whale sharks like other elasmobranchs such as the cow nosed ray 

(Rhinoptera bonasus) (Craig et al., 2010) and the epaulette shark (Hemiscyllium 

ocellatum) (Dowd et al., 2010) may exhibit some specialised physiological 

adaptations in order to tolerate anoxic and hypoxic conditions, and the expensive 

energetic tradeoff of these adaptations (for a poikilotherm— under elevated 

temperatures of the tropics) may help explain why deep dives are rare? 

 

Overall, the collective findings of all these studies provide a better 

understanding of the distributions of whale sharks in the north east Indian ocean 

and the spatial and temporal interactions with a variety of biophysical and 

atmospheric variables that relate to feeding and homeostasis. There are numerous 

complexities in definitively identifying the relative influences of all the mentioned 

biophysical variables on the whale shark as a species. These complexities relate to 

the fact that whale sharks are cryptic (issues with observer bias) and rare (listed as 

Vulnerable under Australian Commonwealth Environment Protection and 

Biodiversity Conservation Act, 2003) so it is difficult to get an adequate sample size, 

their general population structure at Ningaloo is skewed towards juvenile males (not 

representative of all sexes and cohorts) (Meekan et al., 2006), and the prohibitive 
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expense of tag deployment and the short retention period tags for measuring insitu 

variables. 

 

 

6.2 Directions for future whale shark research 

 

My studies have made some significant contributions to our understanding of 

how various spatial and temporal scales of biophysical processes influence whale 

sharks and other marine megafauna at Ningaloo Reef. Despite this, there are 

numerous questions that remain unanswered, namely: (1) how are whale sharks 

detecting and responding to specific biophysical processes and; (2) what are the 

spatial extents and ranges in which changes in these processes can be detected by 

whale sharks. Answering these questions will require the development of 

techniques that identify physical and behavioural changes in whale sharks (i.e. 

critter-cam or video surveillance or monitoring changes in hormones, mouth 

opening) in association with recorded movement patterns (satellite telemetry) and 

in-situ and/or remotely sensed biophysical parameters characterising their 

oceanographic environment. Similarly, by replicating the modelling methodologies 

identified in this thesis and applying these to other whale shark data sets collected 

throughout the world we can hopefully develop clearer determination of 

location/population specific biophysical factors that influence whale sharks.  

Identification of the causes for krill and subsequent whale shark 

aggregations at certain locations along Ningaloo Reef could involve further 

investigation of localised patterns in surface and subsurface currents in relation to 

prevailing wind vectors, tides and sea-floor topography. These investigations could 

be carried out by deploying instruments to record Conductivity-Temperature-Depth 

(CTD) and the stratification and movement of currents using Acoustic Doppler 

Current Profilers (ADCP) at locations frequented by whale sharks or areas modelled 
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as high probability for aggregation. Australian Institute of Marine Science hosts a 

National Reference Station mooring for the Integrated Marine Observing System 

(IMOS) off Tantabiddi which includes ongoing records from August 2010 from a 

range of instruments oceanographic including Acoustic Doppler Current Profilers 

(ADCP), Fluorometers and CTD (Conductivity-Temperature-Depth Profilers). 

Multibeam sonar transects tows could be stitched together to develop a high-

resolution Digital Terrain Model (DEM) of the sea-floor and the subsequent data 

could be incorporated into a Geographic Information (GIS) with various biophysical 

data layers (as derived from ADCP etc) to develop a 3-dimensional time-series 

hydrodynamic model. These data could be combined with existing high resolution - 

Hyperspectally derived shallow water bathymetry models (Hymap–Hyvista 

Corporation and Curtin University of Technology). 

Future studies of whale shark movements and migration should also look to 

engineering tags for prolonged retention, so that movement and behaviour can be 

understood within the context of specific life-history phases. Further, improvements 

in telemetry and tracking technology and remote sensing instruments should allow 

for the collection of more sophisticated ecological data (including information about 

behavioural responses of sharks) that may help to distinguish feeding behaviours 

from other activities (Robinson et al., 2007). 

 



 

 197 

 

6.3 References 

 

Bartumeus, F. (2008) Behavioral intermittence, Le´vy patterns, and randomness in 

animal movement, Oikos 118: 488–494 

 

Bradshaw J. A., Higgins J., Michael K., Wotherspoon S. J. and Hindell M. A. (2004) 

At-sea distribution of female southern elephant seals relative to variation in 

ocean surface properties. ICES Journal of Marine Science 61, 1014–1027. 

 

Bradshaw, C. J. A., Mollet, H. F. & Meekan, M. G. (2007). Inferring population 

trends for the world’s largest fish from mark–recapture estimates of survival. 

Journal of Animal Ecology, doi: 10.1111/j.1365-2656.2006.01201.x. 

Craig, J. K., Gillikin, P. C., Magelniki, M. A. & May, L. N. (2010). Habitat use of 

cownose rays (Rhinoptera bonasus) in a highly productive, hypoxic 

continental shelf ecosystem. Fisheries Oceanography 19, 301–317. 

Deng, X., Hwang, C., Coleman, R. & Featherstone, W. E. (2008) Seasonal and 

Interannual Variations of the Leeuwin Current off Western Australia from TO 

PEX/Poseidon Satellite Altimetry, Journal of Terrestrial Atmospheric and 

Ocean Sciences 19(1–2): 135–149. 

Dewar, H., Thys, T., Teo, S. L. H., Farwell, C., O'Sullivan, J., Tobayama, T., Soichi, 

M., Nakatsubo, T., Kondo, Y., Okada, Y., Lindsay, D. J., Hays, G. C., Walli, 

A., Weng, K., Streelman, J. T. & Karl, S. A. (2010). Satellite tracking the 

world's largest jelly predator, the ocean sunfish, Mola mola, in the Western 

Pacific. Journal of Experimental Marine Biology and Ecology, doi: 

10.1016/j.jembe.2010.1006.1023. 

Dowd, W. W., Renshaw, G. M. C., Cech Jr., J. J. & Kültz, D. (2010). Compensatory 

proteome adjustments imply tissue-specific structural and metabolic 

reorganization following episodic hypoxia or anoxia in the epaulette shark 

(Hemiscyllium ocellatum). Physiolgenomics 42, 93–114: doi: 110.1152/. 

Gaspar, P., Georges, J.-Y., Fossette, S., Lenoble, A., Ferraroli, S. & Maho, Y. L. 

(2006). Marine animal behaviour: neglecting ocean currents can lead us up 



 

 198 

the wrong track. Proceedings of the Royal Society Biological Sciences 

Series B 273, 2697–2702. 

George, G., Meenakumari, B, Raman, M., Kumar, S., Vethamony, P., Babu, M. T. & 

Verlecar, X. (2012) Remotely sensed chlorophyll: a putative trophic link for 

explaining variability in Indian oil sardine stocks, Journal of Coastal 

Research 28, 105–113. 

Godfrey, J. S. & Mansbridge, J. V. (2000) Ekman transports, tidal mixing, and the 

control of temperature structure in Australia's northwest waters, Journal of 

Geophysical Research 105(C10), 24,021–24,044, 

Graham, R. T., Roberts, C. M. & Smart, J. C. R. (2005). Diving behaviour of whale 

sharks in relation to a predictable food pulse. Journal of the Royal Society 

Interface 3, 109–116. 

Gunn, J. S., Stevens, J. D., Davis, T. L. O. & Norman, B. M. (1999). Observations 

on the short-term movements and behaviour of whale sharks (Rhincodon 

typus) at Ningaloo Reef, Western Australia. Marine Biology 135, 553–559. 

Hanson, C. E., Pattiaratchi, C. & Waite, A. M. (2005). Continental shelf dynamics off 

the Gascoyne region, Western Australia: Physical and chemical controls on 

phytoplankton biomass and productivity. Continental Shelf Research 25, 

1561–1582. 

Heyman, W. D., Graham, R. T., Kjerfve, B. & Johannes, R. E. (2001). Whale sharks 

Rhincodon typus aggregate to feed on fish spawn in Belize. Marine Ecology 

Progress Series 215, 275–282. 

Holmberg, J., Norman, B. & Arzoumanian, Z. (2009), Estimating population size, 

structure, and residency time for whale sharks Rhincodon typus through 

collaborative photo-identification. Endangered Species Research 7, 39–53. 

Johnston, D. W., Westgate, A. J. & Read, A. J. (2005). Effects of fine-scale 

oceanographic features on the distribution and movements of harbour 

porpoises Phocoena phocoena in the Bay of Fundy. Marine Ecology 

Progress Series 295, 279–293. 

Klein, S. A. (1999). Remote Sea Surface Temperature Variations during ENSO: 

Evidence for a Tropical Atmospheric Bridge. Journal of Climate 12, 917–932. 



 

 199 

Littaye A., Gannier A., Laran S. and Wilson J. P. F. (2004) The relationship between 

summer aggregation of fin whales and satellite-derived environmental 

conditions in the northwestern Mediterranean Sea. Remote Sensing of 

Environment 90, 44–52. 

Meekan, M. G., Bradshaw, C. J. A., Taylor, J. G., Richards, A. & McLean, C. (2006). 

Population size and structure of whale sharks Rhincodon typus at Ningaloo 

Reef, Western Australia. Marine Ecology Progress Series 319, 275–285. 

Meekan, M. G., Jarman, S. N., McLean, C. & Schultz, M. B. (2009). DNA evidence 

of whale sharks (Rhincodon typus) feeding on red crab (Gecarcoidea 

natalis) larvae at Christmas Island, Australia. Marine and Freshwater 

Research 60, 607–609. 

Miller, D. C., Poucher, S. L. & Coiro, L. (2002). Determination of lethal dissolved 

oxygen levels for selected marine and estuarine fishes, crustaceans, and a 

bivalve. Marine Biology 140, 287–296. 

Pearce, A. F. & Hutchins, J. B. (2009). Oceanic processes and the recruitment of 

tropical fish at Rottnest Island (Western Australia). Journal of the Royal 

Society of Western Australia 92, 179–195. 

Rennie, S., Hanson, C. E., McCauley, R. D., Pattiaratchi, C., Burton, C., Bannister, 

J., Jenner, C. & Jenner, M.-N. (2009). Physical properties and processes in 

the Perth Canyon, Western Australia: Links to water column production and 

seasonal pygmy blue whale abundance. Journal of Marine Systems 77, 21–

44. 

Robinson, P. W., Tremblay, Y., Crocker, D. E., Kappes, M. A., Kuhn, C. E., Shaffer, 

S. A., Simmons, S. E. & Costa, D. P. (2007). A comparison of indirect 

measures of feeding behaviour based on ARGOS tracking data Deep-Sea 

Research II: Topical Studies in Oceanography 54, 356–368, 

doi:310.1016/j.dsr1012.2006.1011.1020   

Rolland, V., Barbraud, C. & Weimerskirch, H. (2008). Combined effects of fisheries 

and climate on a migratory long-lived marine predator. Journal of Applied 

Ecology 45, 4–13. doi: 10.1111/j.1365-2664.2007.01360.x. 

Rowat, D. & Brooks, K. S. (2012) A review of the biology, fisheries and conservation 

of the whale shark Rhincodon typus, Journal of Fish Biology 80, 1019–1056. 



 

 200 

Sims, D. W. & Quayle, V. A. (1998). Selective foraging behaviour of basking sharks 

on zooplankton in a small-scale front. Nature 393, 460–464. 

Sims, D. W., Southall, E. J., Merrett, D. A. & Sanders, J. (2003). Effects of 

zooplankton density and diel period on surface-swimming duration of 

basking sharks. Journal of the Marine Biological Association of the United 

Kingdom 83, 643–646. 

Sims, D. W., Humphries, N. E., Bradford, R. W. & Bruce, B. D. (2012) Levy flight 

and Brownian search patterns of a free-ranging predator reflect different 

prey field characteristics, Journal of Animal Ecology 81: 432–442. 

Sleeman, J. C., Meekan, M. G., Wilson, S. G., Jenner, K. S., Jenner, M. N., Boggs, 

G. S., Steinberg, C. C. & Bradshaw, C. J. A. (2007). Biophysical correlates 

of relative abundances of marine megafauna at Ningaloo Reef, Western 

Australia. Marine and Freshwater Research 58, 608–623. 

Sleeman, J. C., Meekan, M. G., Fitzpatrick, B. J., Steinberg, C. R., Ancel, R. & 

Bradshaw, C. J. A. (2010a). Oceanographic and atmospheric phenomena 

influence the abundance of whale sharks at Ningaloo Reef, Western 

Australia. Journal of Experimental Marine Biology and Ecology 382, 77–81. 

Sleeman, J. C., Meekan, M. G., Wilson, S. G., Polovina, J. J., Stevens, J. D., 

Boggs, G. S. & Bradshaw, C. J. A. (2010b). To go or not to go with the flow: 

Environmental influences on whale shark movement patterns. Journal of 

Experimental Marine Biology and Ecology 390, 84–98, 

doi:10.1016/j.jembe.2010. 05. 009. 

Taylor, G. & Grigg, G. (1991). Whale sharks of Ningaloo Reef.  (Australian National 

Parks and Wildlife Service, C. o. A., ed.). Canberra. 

Taylor, G. J. (2007). Ram filter-feeding and nocturnal feeding of whale sharks 

(Rhincodon typus) at Ningaloo Reef, Western Australia. Fisheries Research 

84, 65–70. 

Taylor, J. G. (1996). Seasonal occurrence, distribution and movements of the whale 

shark, Rhincodon typus, at Ningaloo reef, Western Australia. Marine and 

Freshwater Research 47, 637–642. 

Taylor, L. R., Compagno, L. J. V. & Struhsaker, P. J. (1983). Megamouth - A new 

species, genus, and family of lamnoid shark (Megachasma pelagios, family 



 

 201 

Megachasmidae) from the Hawaiian Islands. Proceedings of the California 

Academy of Sciences 43, 87–110. 

Wilson, S. G., Carleton, J. H. & Meekan, M. G. (2003a). Spatial and temporal 

patterns in the distribution and abundance of macrozooplankton on the 

southern North West Shelf, Western Australia. Estuarine Coastal and Shelf 

Science 56, 897–908. 

Wilson, S. G., Meekan, M. G., Carleton, J. H., Stewart, T. C. & Knott, B. (2003b). 

Distribution, abundance and reproductive biology of Pseudeuphausia 

latifrons and other euphausiids on the southern North West Shelf, Western 

Australia. Marine Biology 142, 369–379. 

Wilson, S. G. & Newbound, D. R. (2001). Two whale shark faecal samples from 

Ningaloo Reef, Western Australia. Bulletin of Marine Science 68, 361–362. 

Wilson, S. G., Pauly, T. & Meekan, M. G. (2001a). Daytime surface swarming by 

Pseudeuphausia latifrons (Crustacea, Euphausiacea) off Ningaloo reef, 

Western Australia. Bulletin of Marine Science 68, 157–162. 

Wilson, S. G., Pauly, T. & Meekan, M. G. (2002). Distribution of zooplankton 

inferred from hydroacoustic backscatter data in coastal waters off Ningaloo 

Reef, Western Australia. Marine and Freshwater Research 53, 1005–1015. 

Wilson, S. G., Polovina, J. J., Stewart, B. S. & Meekan, M. G. (2006). Movements of 

whale sharks (Rhincodon typus) tagged at Ningaloo Reef, Western 

Australia. Marine Biology 148, 1157–1166. 

Wilson, S. G., Taylor, J. G. & Pearce, A. F. (2001b). The seasonal aggregation of 

whale sharks at Ningaloo Reef, Western Australia: currents, migrations and 

the El Nino/ Southern Oscillation. Environmental Biology of Fishes 61, 1–11. 

Woo M., Pattiaratchi C. and Schroeder W. (2006) Dynamics of the Ningaloo Current 

off Point Cloates Western Australia. Marine & Freshwater Research 57, 

291–301. 

Worm, B., Sandow, M., Oschlies, A., Lotze, H. K. & Myers, R. A. (2005). Global 

Patterns of Predator Diversity in the Open Oceans. Science 309, 1365–

1369. 



 

 202 

Appendix A 

Research study areas 

The study areas included in this Thesis differ for each Chapter (except 

Chapters 4 & 5). Chapters 2 and 3 are focused on whale shark and marine mega 

fauna sighting data collected at Ningaloo Marine Park off the Northwest Cape of 

Western Australia (21º 40’ S to 23º 30’ S and 113º 45’ E to 114º 15’ E) in the Indian 

Ocean, which spans approximately 260 km of coastline from north to south (Figure 

A.1). Chapters 4 & 5 include data from tagged whale sharks which spans over 

hundreds of thousands of nautical miles within the North eastern Indian ocean 

(Figure A.1).
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Appendix B  

Worldwide density distribution maps of whale sharks based on OBIS data 

Density observation points of whale sharks were overlaid with maps of 

bathymetry, country exclusive economic zones and marine protected area 

boundaries to get an indication of the location of potential whale shark aggregations 

and the extent of their protection within a country’s management jurisdiction. 

The years in which whale sharks were recorded were tabulated for countries 

which had the top 20 greatest numbers of observations (Table B.1). 
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Table B. 1. The years corresponding to whale shark sighting for the top 20 countries with the 

greatest number of whale shark sightings as documented through Ocean Biogeographic 

Information System (OBIS) database [3/5/2010] www.iobis.org.  

 

COUNTRY Year ranges within which whale shark sighting were recorded 

Australia 1939, 1948, 1949, 1952–1955, 1958, 1963–1965, 1979, 1980, 1986, 

1992–2010 

Philippines 1910, 1914, 1916, 1925, 1929, 1930–1934, 1955, 1983, 1984, 1985, 

1999, 2003–2009 

Mozambique 2002–2009 

Honduras 2001–2009 

Mexico 1858, 1925, 1926, 1931, 1932, 1933, 1934, 1935, 1936, 1938, 1939, 

1951, 1953, 1967, 1975–1979, 1982–1984, 1992–1996, 2000–2009 

Maldives 1976, 2003–2009 

South Africa 1828, 1928, 1934, 1958, 1963, 1973–1975, 1980, 1981, 1984, 1986, 

1989, 1991–1995, 1999, 2003, 2006–2008 

Thailand 1919, 1950, 2003, 2005–2009 

Egypt 1960, 2003, 2005–2009 

Djibouti 2007–2009 

United States 

of America 

1902, 1909, 1912, 1923, 1932, 1933–1938 

Ecuador 1979, 1984, 2003, 2004, 2007 

United 

Republic of 

Tanzania 

1964, 1969, 2006–2008 

Brazil ?  

Malaysia 1931–1934, 1940, 2001, 2004–2009 

Taiwan 1956, 1981, 1984, 1995, 2007 

Japan 1889, 1901, 1979–1982, 1996 

Belize 2005, 2007–2009 

Seychelles 1983, 2006 

Portugal 

(Azores) 

2008 
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In the Philippines, the greatest numbers of whale sharks were sighted around 

Donsol on the southwest coast of Luzon (Figure B.1). Several sightings of whale 

sharks have also been recorded around San Richardo and Pintuyan in Southern 

Leyte, and around San Jose (off the South West coast of Panay Island) and at the 

Tubbataha Reefs Natural Park. Despite the abundance of sighting records of whale 

sharks in the Philippines there has been relatively few research publications relating 

to their occurrence in this area (Alava et al., 1997; Eckert et al., 2002; Quiros, 2007). 

 

Large densities of whale shark observations (similar to those recorded for 

Australia) have been made around Mozambique (see Table 1.2 – Chapter 1) 

particularly off Tofo beach near the towns of Maxixe and Inhambane (Figure B.2). 

The main aggregation sites for whale sharks within Mozambique are not declared 

protected marine areas. Unlike other world–wide locations, the occurrence of whale 

sharks at Mozambique is reported to be relatively consistent throughout the year. 

Research in this location is only just beginning (Gifford et al., 2007; Jonahson & 

Harding, 2007; Brunnschweiler et al., 2009) 

 

Honduras had the 4th highest number of whale shark sighting records and 

average densities of sightings compared to any country (see Table 1.1 & 1.2 – 

Chapter 1), yet the total number of records and densities of sightings was around half 

that compared to Mozambique. The entire record of sighting for whale sharks in 

Honduras was almost exclusively off the island of Utila, a marine protected area 

(Figure B.3). Despite the relatively large number of sightings of whale sharks in 

Honduras, minimal research has been published from this region (Gifford et al., 

2007). 

 



 

 207 

While Mexico had the fifth largest number of sightings compared to other 

countries, it had the 10th largest average density of whale shark sightings within a 5 

km area (see Table 1.1 & 1.2 – Chapter 1). The main aggregation sites for whale 

shark sightings in Mexico were in Baja California near Cabo San Lucas and off Roca 

Partida in the Revillagigedo Islands (Figure B.3). Whale sharks were also sighted on 

numerous occasions north of Isla Mujeres around Isla Contoy National Park (Near 

Cancun) (Figure B.3) The whale shark aggregation sites off the Gulf of California in 

Mexico are generally well documented (Wolfson, 1987; Clark & Nelson, 1997; Uchida 

et al., 2000; Eckert & Stewart, 2001; Burks et al., 2006; Cardenas-Torres et al., 2007; 

Ramırez-Macıas et al., 2007; Rodrıguez-Dowdell et al., 2007) (Figure B.4). 
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Figure B. 1 Distribution of historical whale shark observations throughout the Philippines based on data from Ocean Biogeographic Information System. (3/5/2010) www.iobis.org
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Figure A.2 Distribution of historical whale shark observations throughout the South of Africa (Mozambique, Namibia & South Africa) based on data from www.iobis.org [3/5/2010] 

 

Figure A.3 Distribution o 
Figure B. 2 Distribution of historical whale shark observations throughout the South of Africa (Mozambique, Namibia & South Africa) based on data from www.iobis.org [3/5/2010]



 

 

 



 

 210 

 

Figure B. 3 Distribution of historical whale shark observations throughout Central America and the Caribbean based on data from www.iobis.org (3/5/2010)he Caribbean based on data from www.iobis.org (3/5/2010) 
 

Figure A.4 Distribution of historical whale shark observations throughout Ca 
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Figure B. 4 Distribution of historical whale shark observations throughout California USA and Mexico based on data from www.iobis.org (3/5/2010) 
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The Maldives had the 5th largest number of sightings and the 6th largest 

average density of sighting compared to other countries (see Tables 1.1 & 1.2 – 

Chapter 1). The vast majority of sightings have occurred just off Mamigili on South 

Ari Atoll and this aggregation site has been documented in a research publication 

(Figure B.5) (Riley et al., 2010). 

Djibouti has the 6th largest average density of whale shark sightings but the 

10th largest number of overall sighting records (see Table 1.1 & 1.2 – Chapter 1). 

The main whale shark sightings in Djibouti occur in the coastal waters off the Gulf of 

Tadjoura around Arta (Figure B.6) (Rowat, 2007; Rowat et al., 2007b). 

South Africa had the 7th largest number of whale shark sighting compared to 

any other country yet had 18th largest average density of sighting in a 5 km area for 

any country (see Table 1.1 & 1.2 – Chapter 1). This indicates that whale sharks may 

have a large relative occurrence in South African coastal waters yet are rarely found 

in aggregations. This pattern of relatively low density of occurrence of whale sharks 

has been noted from aerial censuses in on the northern KwaZulu-Natal coast, South 

Africa (Cliff et al., 2007). There is a relatively regular, evenly distributed pattern of 

whale shark occurrence to the north and south of Durban and all along the coastal 

strip surrounding Cape Town (Figure B.2). This interesting pattern of individual 

sighting at relatively regular intervals along 100–1000’s of kms of coastline may 

reflect the area to be important migratory route for whale sharks rather than a 

specific aggregation site. 

 

Ecuador has the 7th highest average density of whale shark sightings (see 

Table 1.2 – Chapter 1) owing largely to the multitude of sightings around the 

Galapagos Islands particularly at Wolf and Darwin Rocks in the north of the Marine 

Park (Figure B.7). Despite the relatively large average densities of sighting around 

the Galapagos, no publications have documented their occurrence here. 
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The United States of America has the 11th largest record of whale sharks 

sightings (see Table 1.1— Chapter 1) with most sharks seen in the Gulf of Mexico 

off Mississippi around Hancock County Marsh Marine Park (Figure B.3) (Burks et 

al., 2006) and only a small number of sightings around California (Ebert et al., 

2004).  

 

Whale shark sightings have been published from Thailand and Taiwan 

(Theberge & Dearden, 2006; Hsu et al., 2007) although both localities had relatively 

low numbers of sightings and average densities (within a 5 km area) compared to 

other countries (see Table 1.1 & 1.2 – Chapter 1). In Thailand, sharks were 

observed on both the east and west coasts of the Malay Peninsula, particularly 

around Koh Phangan (in the Gulf of Thailand) and off the Similan Islands National 

Park (Figure B.8). 

 

Other countries that have published data on aggregations of whale sharks 

include Belize (Heyman et al., 2001; Graham et al., 2005; Graham & Roberts, 

2007), India (Pai et al., 1983; Silas, 1986; Vivekanandan & Zala, 1994) and the 

Seychelles (Rowat, 2007; Rowat & Gore, 2007; Rowat et al., 2007a; Speed et al., 

2008; Rowat et al., 2009b). Despite these published studies, all of these had 

relatively few sighting records and low average densities (Figures B.3, B.5, B.9). 

The few sightings of whale sharks in the Seychelles as recorded in the OBIS 

database occurred on the north–west coast of Mahe (Figure B.9). This distribution 

corresponds with local population studies from aerial estimates, yet the southern 

part of Mahe appears to be a more reliable location for whale shark sightings 

(Rowat et al., 2009a).  

 

Other countries within the top 20 for numbers of whale shark sightings 

included: Egypt (Figure B.6); United Republic of Tanzania (Figure B.9); Brazil; 
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Portugal (Azores) (Figure B.10); Malaysia (Figure A.11); and Japan (Figure B.8). 

Most had, relatively few sightings that were irregularly scattered and rarely 

aggregated, with the exception of except Tanzania and Portugal (Azores) (Figure 

B.9 & B.10). 

 

There were limited sighting data throughout many of the Pacific Islands and 

New Zealand (Figure B.12) despite their apparent frequency of occurrence in some 

of these areas (Duffy, 2002). Other studies have found whale sharks to occur in 

waters off Angola and Nigeria (Weir, 2010), yet no sighting data were recorded for 

these countries in the OBIS database (Figure B.10). 
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Figure B. 5 Distribution of historical whale shark observations throughout Pakistan, India, Sri Lanka and the Maldives based on data from www.iobis.org (3/5/2010)
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Figure B. 6 Distribution of historical whale shark observations throughout Middle East and North East Africa from www.iobis.org (3/5/2010) 
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Figure B. 7 Distribution of historical whale shark observations throughout the Equatorial Americas from www.iobis.org (3/5/2010) 
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Figure B. 8 Distribution of historical whale shark observations throughout South East Asia, China and Japan from www.iobis.org (3/5/2010) 
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Figure B. 9 Distribution of historical whale shark observations throughout Western Indian Ocean from www.iobis.org (3/5/2010) 
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Figure B. 10 Distribution of historical whale shark observations throughout the Atlantic Ocean from www.iobis.org (3/5/2010). 
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Figure B. 11 Distribution of historical whale shark observations throughout the Malay and Indonesian Archipelago from www.iobis.org (3/5/2010).
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Figure B. 12 Distribution of historical whale shark observations throughout Oceania from www.iobis.org (3/5/2010). 
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Appendix C  
Detailed models for trophic guild relative biomass and oceanographic variables 

(Chapter 3). 

 
Table C.1. Correlation matrices between sea surface temperature (SST), sea surface temperature 

gradient (SSTg), Chlorophyll-a (Chl-a), East–West wind vector (U), North–South wind vector (V), 

Bathymetry (BTH) and Bathymetry gradient for (a) Kill Feeders, (b) Fish/cephalopod feeders and (c) 

Invertebrate/macroalgae feeders. 

 
 

Krill feeders 

 SST SSTg Chl-a U V BTH 
SSTg 0.088 – – – – – 
Chl-a -0.269 0.266 – – – – 
U -0.145 0.013 0.037 – – – 
V -0.090 0.029 -0.093 -0.162 – – 
BTH -0.148 0.418 0.484 -0.023 -0.154 – 
BTHg 0.327 -0.112 -0.425 -0.006 0.258 -0.551 
. 

Fish/cephalopod feeders 

 SST SSTg Chl-a U V BTH 
SSTg 0.163 – – – – – 
Chl-a -0.466 0.237 – – – – 
U -0.135 -0.073 0.048 – – – 
V 0.062 0.316 -0.249 -0.148 – – 
BTH -0.218 0.479 0.459 -0.101 0.006 – 
BTHg 0.396 -0.069 -0.281 0.138 0.095 -0.477 

 

Invertebrate/macroalgae feeders 

 SST SSTg Chl-a U V BTH 
SSTg 0.297      
Chl-a 0.023 -0.206     
U 0.322 0.205 -0.193    
V -0.037 0.191 -0.247 0.203   
BTH -0.016 0.296 0.251 -0.097 0.048  
BTHg 0.144 0.178 -0.292 0.083 -0.013 -0.187 
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Table C.2. Generalised linear models and their information-theoretic statistics based on the change in 

Akaike’s information criterion corrected for small samples (ΔAICc) using sea surface temperature 

(SST), sea surface temperature gradient (SSTg), Chlorophyll-a (Chl-a), East–West wind vector (U), 

North–South wind vector (V), Bathymetry (BTH) and Bathymetry gradient for (a) Kill Feeders, (b) 

Fish/cephalopod feeders and (c) Invertebrate/macroalgae feeders. Notations; %DE = % deviance 

explained, w i = AICc weight. 

 

a 
 

Krill feeders 

Model (i) %DE AICc w i 

SST+SSTg+Chl-a+BTH+BTHg 43.419 0 0.613 
SST+SSTg+Chl-a+BTH 43.149 1.011 0.370 
SST+Chl-a+BTH+BTHg 42.503 8.250 0.010 
SST+Chl-a+BTH 42.240 9.139 0.006 
SST+SSTg+Chl-a+BTHg 42.838 12.110 0 
SST+Chl-a+BTHg 41.775 21.907 0 
SST+SSTg+Chl-a 42.829 26.731 0 
SST+Chl-a 41.738 36.931 0 
SST+SSTg+BTH 39.165 168.091 0 
SST+SSTg+BTH+BTHg 39.166 170.117 0 
SST+BTH 38.181 176.800 0 
SST+BTH+BTHg 38.181 178.822 0 
SST+SSTg+BTHg 36.765 201.289 0 
SST+BTHg 35.159 216.065 0 
SST+SSTg 35.798 261.622 0 
SSTg+Chl-a+BTH+BTHg 14.529 265.009 0 
SSTg+Chl-a+BTHg 14.220 273.306 0 
SST 34.195 276.385 0 
SSTg+Chl-a+BTH 12.239 279.952 0 
SSTg+Chl-a 12.627 301.781 0 
SSTg+BTH+BTHg 12.840 411.381 0 
SSTg+BTH 11.562 419.105 0 
SSTg+BTHg 10.602 434.003 0 
SSTg 11.313 482.394 0 
Chl-a+BTH+BTHg 6.923 486.654 0 
Chl-a+BTHg 6.159 498.843 0 
Chl-a+BTH 4.724 500.968 0 
Chl-a 4.775 526.308 0 
BTH+BTHg 4.041 647.854 0 
BTH 2.614 656.572 0 
BTHg 0.131 683.035 0 
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Table C.2 Con’t 
 

b 

Fish/cephalopod feeders 

Model (i) %DE AICc w i 

SST+Chl-a+BTHy 7.441 0 0.304 
SST+Chl-a+BTHg 6.538 0.728 0.211 
SST+SSTg+Chl-a+BTHy 8.128 1.807 0.123 
SST+Chl-a+BTHy+BTHg 7.659 2.189 0.102 
SST+SSTg+Chl-a+BTHg 7.197 2.563 0.084 
SST+Chl-a 6.880 3.118 0.064 
SST+SSTg+Chl-a+BTHy+BTHg 8.355 4.058 0.040 
SST+SSTg+Chl-a 7.709 4.719 0.029 
Chl-a+BTHy 4.448 6.246 0.013 
SSTg+Chl-a+BTHy 4.277 6.543 0.012 
SSTg+Chl-a+BTHg 1.864 8.460 0.004 
Chl-a+BTHg 1.663 8.487 0.004 
Chl-a+BTHy+BTHg 4.449 8.531 0.004 
SSTg+Chl-a+BTHy+BTHg 4.281 8.895 0.004 
SSTg+Chl-a 1.601 11.445 0.001 
Chl-a 1.450 11.510 0.001 
SST+BTHy 6.290 29.851 0 
SST+BTHg 4.836 31.083 0 
SST+BTHy+BTHg 6.993 31.526 0 
SST+SSTg+BTHy 6.411 32.025 0 
SST+SSTg+BTHg 4.838 33.358 0 
SST+SSTg+BTHy+BTHg 7.077 33.794 0 
SST 5.335 35.961 0 
SST+SSTg 5.414 38.101 0 
SSTg+BTHg 1.544 38.387 0 
SSTg+BTHy 1.424 38.486 0 
BTHy 1.546 38.579 0 
BTHg 1.238 38.839 0 
BTHy+BTHg 3.728 38.928 0 
SSTg+BTHy+BTHg 3.518 38.996 0 
SSTg 0.068 45.035 0 
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Table C.2 Con’t 
 

c 

Invertebrate/macroalgae feeders 

Model (i) %DE AICc w i 

SST+Chl-a+BTH+BTHg 8.203 0 0.430 
SST+Chl-a+BTH 6.994 1.264 0.228 
SST+SSTg+Chl-a+BTH+BTHg 8.440 1.449 0.208 
SST+SSTg+Chl-a+BTH 7.313 2.479 0.124 
SST+Chl-a+BTHg 6.558 8.966 0.005 
SST+SSTg+Chl-a+BTHg 7.053 9.671 0.003 
SSTg+Chl-a+BTH+BTHg 5.709 12.977 0.001 
SSTg+Chl-a+BTH 4.158 15.158 0 
Chl-a+BTH+BTHg 4.399 18.742 0 
SST+Chl-a 5.466 19.665 0 
SST+SSTg+Chl-a 5.832 20.695 0 
SSTg+Chl-a+BTHg 4.218 21.613 0 
Chl-a+BTH 2.259 22.530 0 
Chl-a+BTHg 1.893 30.205 0 
SSTg+Chl-a 2.621 33.867 0 
Chl-a 0.261 42.687 0 
SST+BTH+BTHg 6.454 77.836 0 
SST+BTH 5.373 79.283 0 
SST+SSTg+BTH+BTHg 6.461 79.891 0 
SST+SSTg+BTH 5.425 81.183 0 
SST+BTHg 4.758 89.017 0 
SST+SSTg+BTHg 4.836 90.827 0 
SSTg+BTH+BTHg 4.058 91.653 0 
SSTg+BTH 2.650 94.119 0 
BTH+BTHg 3.717 94.833 0 
BTH 1.841 98.840 0 
SST 3.962 101.910 0 
SSTg+BTHg 2.364 102.937 0 
SST+SSTg 4.025 103.750 0 
BTHg 1.394 108.169 0 
SSTg 1.125 117.485 0 

 
 


