
Characterization of Novel Whale Shark Aggregations at Shib Habil, Saudi Arabia and Mafia 

Island, Tanzania 

 

Dissertation by  

Jesse Cochran 

 

In Partial Fulfillment of the Requirements 

For the Degree of  

Doctor of Philosophy 

 

King Abdullah University of Science and Technology, Thuwal,  

Kingdom of Saudi Arabia  

 

December 2014



2 

 

 

EXAMINATION COMMITTEE APPROVALS FORM  

The dissertation of Jesse Cochran is approved by the examination committee. 

 

 

 

 

Committee Chairperson: Dr. Michael Berumen 

 
Committee Members:  Dr. Burt Jones 

    Dr. Marc Genton 

    Dr. Gregory Skomal  



3 

 

 

ABSTRACT 

Characterization of Two Novel Whale Shark Aggregations at Shib Habil, Saudi Arabia and 

Mafia Island, Tanzania 

Jesse Cochran 

Passive acoustic monitoring has been successfully used on many elasmobranch species, 

but no such study has yet been published for the whale shark (Rhincodon typus). In 

some ways this is surprising as the known whale shark aggregation sites would seem to 

be ideal targets for this method. For this dissertation, two acoustic studies were carried 

out in Saudi Arabia and Tanzania. Each was performed in parallel with visual surveys and 

the Saudi population was also studied using satellite telemetry. Sighting and acoustic 

data were compared at both sites, and the results were mixed. The acoustic monitoring 

largely confirmed the results of visual surveys for the Saudi Arabian sharks, including 

seasonality, residency and a degree of parity and integration between the sexes that is 

unique to this site. Satellite tracks of tagged Saudi sharks were used to confirm that 

some animals migrated away from the aggregation site before returning in subsequent 

seasons, confirming philopatric behavior in this species. In contrast, the acoustic results 

in Tanzania demonstrated year-round residency of whale sharks in the area, despite 

seasonal declines in visually estimated abundance. Seasonal changes in habitat selection 

render the sharks at this site temporarily cryptic to visual sampling. The differing results 

are compelling because both the philopatric behavior demonstrated in Saudi Arabia and 

the cryptic residency of the Tanzanian sharks could explain the seasonal patterns in 
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whale shark abundances reported at other aggregation sites. Despite their differences, 

both sites in this study can be classified as secondary whale shark nurseries and each 

may be a vital feeding ground for its respective population.    
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Chapter 1: Passive Acoustic Monitoring of Elasmobranch Fishes 

and a Brief Introduction of the Whale Shark (Rhincodon Typus)  

1.1 INTRODUCTION 

Between 18% and 26% of elasmobranch (shark and ray) species are believed to be at 

risk of global extinction [1]. An additional 46% are considered data deficient because 

their biology is too poorly studied to assign a conservation status [1]. Animals in both 

categories would benefit from additional research as increased knowledge would lead 

to improved management practices for threatened species and would allow data 

deficient species to be properly assessed.   

New paragraph here, or at least add more - more about sharks in general , their 

importance ecologically, how their biology makes them susceptible to human impacts, 

some of the challenges we face in managing them (including the potential for and lack 

of understanding of their long-range movements, crossing borders, etc. 

An animal’s movement ecology, including fine scale patterns of habitat use, can be vital 

to the management of some species. Mapping the movements of a population can be 

used to define home ranges, locate critical sites such as breeding or nursery grounds, 

and track ontogenetic or seasonal shifts in habitat selection. This information is lacking 

for many elasmobranch species because fine-scale movement data can be difficult to 

acquire, especially in the marine environment where radio signals only propagate at 
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most a few meters and continuous satellite communication is blocked by the 

sea/surface interface. 

Acoustic telemetry has been used to track fish movements since 1956 [2] and was first 

used on elasmobranchs in 1965 [3]. This technique can be divided into two basic 

approaches: active tracking and passive monitoring.  Active tracking involves tagging an 

animal with an acoustic transmitter and following it with a directional hydrophone [2], 

while passive monitoring uses a stationary array of omnidirectional listening stations to 

record the presence or absence of individually coded acoustic tags within an area [4]. (I 

think you could expand a bit more with a couple of sentences describing in more detail 

what this means in practice. Imagine a reader who isn't familiar with the technology and 

write a couple of sentences for them. E.g.,why a detection can be interpreted with high 

confidence that a shark was near a given receiver.) 

The use of receiver arrays has greatly expanded in recent years, and this has generated 

a corresponding increase in the available literature, including reviews of array design [5] 

and range testing [6], acoustic signal processing [7], as well as the history and 

applications of passive methods [8]. However, the last overview of acoustic telemetry 

used on elasmobranchs [9] is more than a decade old, and focused almost exclusively on 

active tracking. Moreover, the statistical tools for analyzing and interpreting acoustic 

data have never been formally reviewed.     

The current chapter is intended as an updated review of passive acoustics on 

elasmobranchs in which particular focus is given to the statistical techniques used to 
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interpret data. It is hoped that the current study, in tandem with previous reviews of 

acoustic methods, will serve as an effective starting point for future students and 

researchers using these techniques for the first time or in new situations. The final 

section introduces the target species of this dissertation, the whale shark (Rhincodon 

typus). 

 

1.2 DATA PREPARATION 

Raw acoustic data is a kind of a capture history, a record of detections for each tag. This 

capture history is not free from errors or sources of bias. Losses of receivers can leave 

gaps in acoustic effort, negatively biasing data. Equipment-related errors can create 

false detections, leading researchers to analyze a simple mechanical glitch as anomalous 

animal behavior. In addition, the tagging process can lead to stress-induced 

uncharacteristic behavior in the animal, creating biased results that do not reflect 

normal patterns of habitat use. Recognizing these errors, or following simple rules to 

exclude most of them, is an important precursor to the analysis of passive acoustic data.      

Accounting for Receiver Losses 

Regardless of attachment method, mooring setup, or maintenance schedule, the loss of 

a receiver and its data is always a possibility, particularly in long-term studies. This can 

happen for any number of reasons including theft [10,11], extreme weather [12], or 

mooring burial (personal observation). In deep water arrays, the failure of release 

mechanisms can render otherwise intact and functioning receiver stations irretrievable 
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[13]. In at least one case it has been suggested that a shark may have bitten and severed 

the attachment between receiver and mooring [13].  Whatever the cause, receiver 

losses create gaps in effort and these gaps need to be addressed mathematically, or at 

least reported, as they can be sources of bias. 

In some cases the loss of a receiver may not greatly impact the study and no 

mathematical compensation is required. For instance, Hearn et al. note the loss of a 

single receiver during a study of scalloped hammerheads (Spyrna leweni) at Wolf Island 

in the Galapagos [14]; they acknowledge that this may be a source of bias but point out 

that other receivers recorded far more detections even before the loss. If losses occur 

early enough, it may make sense to simply exclude missing receivers from the analysis 

entirely [12]. It is unclear how common this practice is, as some authors may not report 

the existence of lost and excluded stations. These solutions are simple, but they are not 

appropriate for every situation.          

Accounting for differences in acoustic effort may be essential for many analyses that 

compare animal behavior around different receivers.  By far the simplest method is to 

only analyze periods for which data from all stations is available [15]. This can be costly 

in terms of the amount of data being excluded, but may be the only option for studies 

using few receivers where a single loss represents a greater portion of the total effort. In 

larger arrays, including receiver losses in analytical models can effectively weight the 

results for effort. During an acoustic study of Indonesian giant mantas (Manta birostris), 

Dewar et al. multiplied the number of tagged animals by the number of deployed 
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receiver stations and used the product as a unit of effort for generalized linear modeling 

[10]. This solution is ideal as it mathematically compensates for fluctuations in receiver 

effort without sacrificing data. In addition it can also account for changes in transmitter 

effort if new animals are tagged or if formerly tagged individuals are later recaptured or 

resighted without a transmitter.  

Cleaning Data  

The presence or absence of a transmitter within the detection range of a receiver is the 

most fundamental data generated by passive monitoring, but even this basic 

information can be confounded due to the possibility of false detections [16]. The 

collision of two or more transmitter signals can fool a receiver into recording a detection 

of a non-present tag. Such detections are usually easy to recognize: a single detection of 

an unknown tag, but it is possible that one could carry the same coded ID as an animal-

borne transmitter. Dealing with these errors is a matter of author/reviewer preference. 

Some studies simply use the raw detection record to establish presence, viewing the 

impact of false detections as insignificant [17-19]. Others have used a presence index 

requiring that a threshold number of detections be reached before a shark or ray is 

considered present. Vemco, the leading producer of passive acoustic equipment, bases 

their data-filtration on the ratio of short and long intervals between detections [16]. 

These methods sacrifice some data, but reduce the chances of false detections being 

included in the analysis.  
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In addition to technical errors, the tagging process can be stressful for the animal. 

External tagging involves injecting a barbed anchor into the animal’s skin, or bolting the 

tag directly to the dorsal fin [20]. Internal tagging is a minor surgical procedure that in 

some cases involves anesthetic and in others is performed while the shark is under the 

influence of tonic immobility [20]. A relatively stress-free method of internal tagging is 

simply feeding sharks baited transmitters, but retention for such tags is generally poor 

[21].  Many shark species are prone to stress [22], and tagging is likely to alter short-

term behavior. Several studies simply exclude the first 24 hours after tagging from 

analysis to allow for the shark to recover and resume normal behavior [23-25]. This is a 

conservative measure that insures that conclusions are drawn from natural patterns of 

habitat selection, however it may not be necessary depending on the target species 

and/or tagging method. For instance, larger species such as whale sharks recover from 

in situ tagging remarkably quickly, assuming that they even noticed the procedure at all 

(personal observation). Stressed behavior can also be of interest, and passive acoustic 

studies specifically looking at post-release survivorship obviously do not exclude this 

data [26].        

 

1.3 PRIMARY ANALYSIS: DESCRIBING HABITAT USE 

Prior to analysis, acoustic data is nothing more than a list of detections for each tag and 

receiver. In elasmobranchs, patterns of presence and absence within this record have 

been used to describe residency and cycles in habitat selection. In arrays with dense 
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receiver coverage, or in naturally restricted habitats, it is possible to estimate an 

individual’s instantaneous position and do semi-continuous tracking. Further analysis of 

these tracks can be used to define home ranges and to describe movement patterns. 

Deriving this information from a simple capture history requires a variety of statistical 

tools and techniques, and the first step toward many of these analyses is to define basic 

parameters such as presence or residence in terms of acoustic data.  

Defining Presence   

The most basic unit of habitat use is presence. Despite the fundamental nature of this 

parameter, there is no consensus within the literature on how it should be defined using 

acoustic data. Many studies use the unfiltered detection record, with a single detection 

being sufficient to confirm presence [17-19,23,27]. As mentioned before, concerns over 

false detections have led some authors to use more stringent criteria. The most 

common is to only consider an animal present in an area for defined time periods in 

which it is detected two or more times by any single receiver within that area. This 

definition has been used on a wide variety of elasmobranchs including both shark [28-

32] and ray species [33,34]. Other studies have used similar definitions with minor 

modifications to the number of required detections [34], or how those detections are 

distributed throughout the receiver array [35].       

Defining Residence 

Once presence has been defined in terms of acoustic detections, it is possible to 

determine what proportion of an animal’s time was spent within the array. This new 
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parameter is usually called residence [36,37] or site fidelity [24,32]. As with presence, 

the definition of acoustic residence has varied between studies. One common index of 

residence is the number of days an animal was present divided by the total the number 

of days between the first detection and the end of the study [32,38,39]. Other studies 

have modified this slightly by dividing the number of days present by the number of 

days between the first and last detection [13,24,36,37]. The distinction comes from 

different interpretations of acoustic absence. The first definition assumes that absence 

after the final detection is caused by emigration from the study area, while the second 

assumes that the cessation of detections is due to tag loss or failure.  

Acoustic Positioning 

Simple spatial analysis of acoustic data can be done by plotting presence or residence 

independently for each receiver or group of receivers within an array and comparing 

results. More thorough descriptions of spatial behavior begin with the ability to 

estimate instantaneous positions. Radio-acoustic positioning (RAP) was the first passive 

system to achieve this by using three specialized receivers to triangulate the position of 

tagged animals [40]. This technique is accurate to within 15 meters, and has been used 

to describe foraging behavior in great white sharks (Carcharodon carcarias) [41]. The 

Vemco Positioning System (VPS), another fine scale positioning technique, was 

developed in 2011 [42] and has been used on shovelnose rays [43]. Neither RAP nor VPS 

have seen wider use in elasmobranch studies. RAP requires specialized equipment and 

both methods are limited to relatively small areas of coverage [42,44]. 
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Other techniques sacrifice precision for increased range. For instance, Simfendorfer et al 

proposed an algorithm for converting 15-30 minutes of detection data into a single 

center of activity [45]. This method was tested on blacktip reef sharks and against a 

virtual track of known positions. It was found to be reasonably accurate, with the virtual 

track maintaining a median distance of 223 meters from the calculated center of activity 

(COA)[45]. Since then, mean positioning of acoustic data has been used on nine species 

of shark [17,28,29,37,46,47] and two species of ray [46]. In 2008 the mean positioning 

algorithm was modified to take advantage of the linear nature of river systems [48]. This 

river distance algorithm was originally tested on estuarine bull sharks [30,48,49] and 

cownose rays (Rhinoptera bonasus) [33,48], and has also been used on the smalltooth 

sawfish (Pristis pectinata) [36]. Minor variations of this technique have also been 

employed on juvenile sandbar [31] and broadnose sevengill sharks (Notorynchus 

cepedianus) [50] in estuarine systems.  

Describing Movement 

If two or more positions can be calculated from the data, then it is possible to describe 

and analyze patterns of movement. This can be done by estimating the rate of 

movement based on the time difference between two successive positions [43]. Rates 

of movement have been used to define periods of activity and inactivity [43], and as 

proxies for animal stress [26] and mortality [51-53]. Once calculated, rates of movement 

can be compared through time or in different situations. For instance, seasonal changes 

in rates of movement have been reported for sixgill sharks in Puget Sound [54]. Another 
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study used movement rates as a proxy for mortality during an extreme cold snap, both 

to demonstrate that some of the sharks had died and to demonstrate that those deaths 

resulted from the cold and not from predation [53]. Movement rates that are calculated 

from passive acoustic data are likely to underestimate the actual capabilities of tagged 

animals, and this should be taken into consideration when drawing conclusions from 

this data [55]. Another method for describing movement is to calculate the linearity 

between a series of successive locations. Movement linearity is most often used as a 

measure of short-term site fidelity with high linearity representing directed movement 

away from an area and low linearity indicating more resident behavior [17]. This has 

most often been done using mean positioning estimations [17,46,56]. One other study 

calculated indices of active and minor movement that were roughly equivalent to high 

and low linearity respectively [57].    

Defining Home Range 

Estimates of position make it possible to delineate home ranges and core use areas 

using kernel utilization distributions (KUD) [58] and/or minimum convex polygons 

(MCP). KUD is a probability distribution, which defines the area in which an animal 

spends a certain proportions of its time (most commonly 50% and 95% of the time, 

while the MCP is a method for drawing the outermost boundaries at which an animal 

was detected. While positioning data are usually derived from satellite telemetry or 

active acoustic tracking, position estimates derived from passive techniques have also 

been used. The first such study used COA positions to generate both KUDs and MCPs for 
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the blacktip reef shark (Carcharhinus melanopterus) [59], and similar methods have 

been used to calculate home ranges for cownose rays [46], bull sharks [28], pigeye 

sharks (Carcharhinus ambionensis) [47] sicklefin lemon sharks [28], the Atlantic 

sharpnose shark (Rhizoprionodon terranovae) [29], the spottail shark (Carcharhinus 

sorrah) [37], and the bonnethead shark [17]. Receiver locations have been used as proxy 

positions to generate KUDs for the draughtsboard shark (Cephaloscyllium laticeps) [57], 

and similar distributions were calculated for the shovelnose ray using VPS positions [43].  

Using passive methods to generate KUDS and MCPs may not be appropriate in all cases. 

Sparse datasets may have too few detections to capture the entirety of an animal’s 

home range [39]. This is particularly true in areas with few natural boundaries and poor 

receiver coverage, such as the open ocean where satellite telemetry/active tracking 

produce more reliable results [60]. The linear nature of river systems inhibits both MCP 

and kernel based methods of home range estimation, but river distance can be used 

instead [49]. 

Temporal Patterns in Habitat Use 

It is possible to find patterns of presence and residence by comparing these parameters 

between different time periods. This is often done by summing detections over various 

time periods (usually, hourly, daily, or monthly) and comparing the results using a chi-

square test to determine if the distribution is significantly different from even 

[24,29,31,33,43,47,61,62]. It is also possible to calculate home ranges for different time 
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scales and demonstrate significant changes in behavior using t-tests [46,63] or analyses 

of variance/covariance (ANOVA/ANCOVA)[28,37,47,64,65].    

Rhythmic patterns are not always obvious, especially when looking at finer temporal 

scales, or within large datasets. Spectrum analyses are used in such cases to identify the 

timeframes at which cyclical patterns occur within the data. The Fast Fourier Transform 

(FFT) is by far the most common in elasmobranch studies, though similar analyses have 

also been used [11]. These techniques do not describe an animal’s behavior, but 

indicate the presence of behaviors that repeat at a specific frequency. Such behaviors 

can be further defined post hoc using circular statistics or other analyses. For instance, 

two shark studies found 24 hour cycles in behavior using FFT, one in Fijian bull sharks 

(Carcharhinus leucus) [24], and the other in whitetip reef sharks (Triaenodon obesus) on 

an isolated sea mount in the pacific [12]. In the Fijian study circular statistics revealed 

high levels of early morning presence around a shark-feeding tourism site. The other 

study used similar methods to demonstrate that whitetips expand their habitat use 

during nighttime foraging. Despite being dissimilar, both behaviors repeat on 24-hour 

cycles and this is reflected in the FFT. 

Other studies have used spectrum analyses to demonstrate diel patterns in southern 

sting rays (Dasyatis americana) [27] and scalloped hammerheads [11].  Diel and tidal 

periodicity have been shown in blacktip reef sharks  [66], sandbar sharks (Carcharhinus 

plumbeus) [32], tiger sharks (Galeocerdo cuvier) [32], and sicklefin lemon sharks 

(Negaprion acutidens) [39]. Clear rhythms are not always present within the data 
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though. For example, FFT on zebra sharks (Stegostoma faciatum) tagged off Queensland 

revealed no sign of cyclical behavior [25].  

 

1.4 RELATING HABITAT USE TO OTHER DATA 

Measurements of habitat use are rarely published on their own. Most studies attempt 

to analyze the causes of observed behavior or compare records of presence between 

different methods. Regardless, correlating or comparing the results of passive acoustic 

monitoring to other sources of data is often necessary. These comparisons can be done 

using a variety of analyses.  As with all stages of interpreting acoustic data, different 

authors have come up with different solutions.         

Quantifying Environmental Influences on Habitat Selection 

Habitat selections are not made at random. They are a behavioral response to a variety 

of potential influences, such as the characteristics of an animal’s external environment. 

For elasmobranchs these characteristics include benthic composition [37,43,67]; depth 

[18,68]; water qualities such as salinity [35], temperature [69-71], and flow velocity 

[30,33]; the distribution of predators [18], prey [18,72], or potential mates [73]; 

seasonal [68,69], lunar [10,13,74], diel [27,68], and tidal cycles; cyclones [65,75], cold 

snaps [53] and other extreme weather; and anthropogenic influences such as fishing 

pressure [51,52], boat traffic [27], habitat degradation/alteration [76,77], tourism 

activities [23,24,78,79], or the existence of marine reserves [12,19,52,80]. A shark or 
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ray’s internal state or individual history, including factors like species [18,65], sex 

[73,81,82], size, life stage [38,47,54,77], hunger [12], stress condition [26], and prior 

captivity [83] can also impact its behavior. All of the above factors, both external and 

internal, have been correlated to movement or habitat selection using passive acoustic 

telemetry data in elasmobranch studies.  

Several potential influences repeat at known intervals and some others occur as discrete 

events. Reproductive, seasonal, lunar, diel, and tidal cycles are examples of the former, 

as are anthropogenic factors like provisioning schedules.  Extreme weather events and 

capture stress are examples of the latter.  Assessing the impact of either is relatively 

straightforward. Cyclical variable can be compared to animal behavior using spectrum 

analyses, chi-square tests, or other methods of describing temporal patterns in habitat 

use (as discussed previously in this chapter). Discrete events can be assessed by 

analyzing recorded behavior before, during, and after such events occur. For instance, 

Kneebone et al. captured sand tiger sharks (Carcarias taurus) on hook and line, tagged 

them with acoustic transmitters, and analyzed the post release behavior to determine if 

the shark died or recovered from handling stress [26].           

Chronic influences (such as an animal’s species or gender) along with environmental 

factors which vary spatially (such as water quality) have been assessed using a wide 

variety of methods, including basic comparative statistics. ANOVA, ANCOVA, and t-tests 

have been used to compare acoustic records between sexes [17,37,46,60,69,80], size 

classes [12,28,80], and life stages [46,47] of individual species and t-tests have been 



28 

 

 

used to make similar comparisons between different species [28,80]. Both t-tests and 

chi square tests have been used to demonstrate preferences between natural and 

artificial habitats [76,77]. Habitat preferences based on other spatially distributed 

factors like MPAs, distance from shore, water temperature, salinity, and flow rates have 

been shown using chi-square tests [70], electivity analysis [30,35-37,47], or 

ANOVA/ANCOVA [31,33,64,80]. 

Two or more animals may alter each other’s behavior by interacting. The most obvious 

is the interaction between predator and prey, though social behavior between 

conspecifics can also impact movement patterns. For instance, an acoustic study on 

spotted cat sharks (Scyliorhinus canicula) found that sexual segregation in this species is 

driven by females avoiding coercive mating attempts from males. With regard to 

predation, several studies have analyzed acoustic data to define mortality and to 

differentiate between predation and other causes of death [51-53]. Another study 

gathered acoustic movement data and assessed the results using trophic models to 

determine the ecological impact of differences in predator behavior on local prey 

species [84]. Niche overlap analysis has been used to show shared areas of high activity 

between the broadnose sevengill shark and its prey species [18]. Finally, acoustic 

monitoring has been used to test elaborate predator-prey game models between 

tagged great white sharks and cape fur seals (Arctocephalus pusillus) in False Bay, South 

Africa [72].                
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More complex mathematical modeling techniques such as generalized linear models 

(GLMs) [19,36,49,63,65,76,85,86], generalized additive models (GAMs) [36], their mixed 

counterparts (GLMMs and GAMMs) [25,54,68,82,85,87], and mixed model ANOVAs [69] 

can be used to assess the behavioral impact of several different factors simultaneously. 

These methods are not only capable assessing all of the chronic, cyclical, discrete, 

spatially distributed, and social factors described above, but are also able to determine 

the effect of interactions between those factors. For instance, in a study on manta rays, 

GLMs were used to assess the effect of several cyclical variables including calendar 

month, lunar phase, diel phase, and tidal direction [10]. The GLM also described 

variation between two different manta aggregation sites and incorporated the 

interaction between the cyclical variables and aggregation site into the final model [10].  

Using Acoustic Monitoring to Evaluate Other Methods 

While less common than describing behavioral patterns and their causes, passive 

acoustic monitoring has been used to corroborate other methods of assessing 

elasmobranch populations. Accurate population modeling can be vital for proper 

management, but empirical data can be difficult to obtain. The acoustic work in these 

studies provides necessary validation for other sampling methods and model 

predictions.      

 Many elasmobranch studies calculate population parameters such as abundance and 

residency from visual surveys [88], but the results of these studies could be biased if 

environmental or behavioral factors made some sharks more difficult to see. To test 
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this, a few studies have compared presence estimates derived from visual census to 

passive detection data, and the results have been mixed. Visual census was found to be 

an effective measure of presence, comparable to acoustic monitoring, for grey reef 

sharks (Carcharhinus amblyrhynchos) in Palau [89]. On the other hand, sightings were 

found to underestimate both presence and residency of white sharks in Mossel Bay, 

South Africa [90]. Another study on spotted wobbegongs (Orectolobus maculatus), 

found significantly different results between mark-resight models (which incorporated 

acoustic data) and mark recapture models (which did not) [91]. The mixed results in 

these few studies suggest that visual surveys can be effective for some species, but 

without validation any conclusions should be considered tentative. 

Two studies have used acoustic telemetry to directly calculate mortality rates and 

compare the results to indirect estimates based on life history patterns. This was 

originally done on young-of-the-year blacktip reef sharks, and indirect methods were 

found to underestimate neonate mortality [51]. Another study in 2012 made the same 

comparison for pigeye and spottail sharks [52]. Indirect mortality estimates were 

comparable to observed data for spottails, but were found to be significant 

overestimates for the pigeye sharks. More empirical data on mortality rates is needed, 

and life history based mortality estimates should be used only in the absence of better 

data.  
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1.5 TARGET SPECIES FOR THIS DISSERTATION 

The whale shark (Rhincodon typus) is an iconic species, readily identifiable by its 

enormous size, unique coloration, and unusual nature [92]. A huge, epipelagic filter-

feeder, the whale shark is the sole member of its family (Rhincodontidae), and belongs 

to an order (Orectolobiformes) which is otherwise dominated by far smaller, benthic 

foragers and ambush predators [93]. Even when compared to other planktivorous 

megafauna, the whale shark is still anomalous for specializing in the relatively 

oligotrophic waters of the world’s tropical and warm temperate seas [92] and for its 

unique feeding mechanism [94]. In addition to the strangeness of its ecology and 

evolutionary history, the whale shark is also a notoriously difficult target for scientific 

research, often being described as enigmatic [95].  

No passive acoustic study has yet been published for the whale shark, and in some ways 

this is surprising. While the species’ pelagic habitat and diffuse distribution limited early 

work to taxonomic classification [96-99] and anecdotal accounts of chance encounters 

[100,101], the discovery of coastal aggregation sites [102] has allowed for more 

systematic forms of study.  These areas in which whale sharks gather regularly would 

seem to be ideal targets for acoustic monitoring, but have been studied almost 

exclusively through either individual photo-identification [103-117] or satellite 

telemetry [117-129].  

 These two techniques have left several gaps in the scientific understanding of whale 

shark aggregations, and some of these gaps could be filled by passive acoustic studies. 
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Neither visual surveillance nor satellite tracking is ideal for assessing habitat use within 

aggregation sites. Visual approaches are usually limited to daytime, surface 

observations, while satellite telemetry lacks the necessary spatial resolution to describe 

fine scale patterns of behavior. In addition, much of what is known about these sites is 

based purely on visual census data and passive acoustics can offer a independent 

measure of animal which can be compared/ contrasted to sightings records. This 

method has already been used on several shark species, and should be applicable to the 

whale shark [89-91]. Finally, despite more than 5200 photo-identified individuals [130] 

and 116 published satellite tracks [123], there is little evidence of connectivity between 

distant aggregation sites, and only one homing migration has been reported for this 

species [122]. The long battery life of acoustic transmitters coupled with the lateral 

compatibility between receiver arrays could be used to record both distant movements 

and interannual site fidelity. 

 This dissertation presents data on two novel whale shark aggregations: the Shib Habil 

aggregation in Saudi Arabia and the Mafia Island aggregation off the coast of Tanzania. 

The aggregation at Shib Habil was described only a few months ago [123], while no 

study has yet been published for Mafia Island. Herein, a photo-identification based 

population assessment for the Shib Habil aggregation is described (Chapter 2). This 

sighting information and previously published satellite tracks are then related to 

acoustic monitoring performed over the same period and in many cases targeting the 

same individuals (Chapter 3). Parallel acoustic and visual monitoring studies at Mafia 

Island are described and their results compared (Chapter 4). Finally the overall results of 
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this dissertation and its place within the larger body of whale shark literature are 

discussed (Chapter 5).           
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Chapter 2: Seasonal Abundance and Population Structure of Shib Habil  

ABSTRACT: 

From 2010 to 2014, 237 whale shark encounters were recorded around Shib Habil, a 

small fringing reef off the Red Sea coast of Saudi Arabia. Of these, 212 produced photos 

suitable for analysis using the I3S algorithm, resulting in the identification of 110 

individual whale sharks. Sharks were divided evenly between the sexes (37 male, 45 

female, 28 undetermined); and all individuals were found to be immature based on size 

estimates (range: 2.5-7 meters total length) and male clasper morphology. Scars were 

visible on 57% of sharks with 14% showing evidence of propeller trauma. Capture 

histories were used to calculate the lagged identification rate and to fit eight models of 

population structure. Using the quasi-Akaike-information criterion, an open model 

accounting for immigration, emigration, and mortality was selected and bootstrapped 

100 times to produce 95% confidence intervals for parameter estimates. According to 

this model, there are 15.30 (95% confidence interval 9.14-23.06) whale sharks present 

on Shib Habil at any one time during the aggregation season, with mean residence times 

within the aggregation area of 10.37 (2.16-22.81) days, residence times out of the area 

of 31.98 (8.18-68.9) days, and a mortality rate of 0.0014 (0.0004-0.0034). This 

corresponds to similar studies at other aggregation though the sexual parity found at 

this site is possibly unique for the species and warrants further study.         
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2.1 INTRODUCTION 

The whale shark, Rhincodon typus [1], is a widely distributed pelagic planktivore, readily 

identifiable by both its huge size and the unique patterning of stripes and spots which 

cover its dorsal surface [2]. It is a docile and relatively slow moving species, making 

individual specimens easy to approach in the water. Despite these research-friendly 

attributes, little is known about this iconic but enigmatic fish. Information on its 

physiology, movements, and ecology is limited and solid data on many of its life history 

characteristics are nonexistent [3].  

The dearth of knowledge is an obstacle to conservation efforts. The whale shark is listed 

as “Vulnerable” by the IUCN because its high value in international trade, K-selected life 

history, migratory nature, and normally low abundance, all of which have made it 

susceptible to exploitation and unlikely to recover from sustained targeted harvesting 

[4].  This assessment is supported by the rapid declines in catch per unit effort observed 

in most targeted fisheries. Historical fisheries include India, [5] which closed in 2001, 

and Pakistan, which has a small, mostly bycatch fishery.  [6]. Taiwan saw a 60-70% 

decline in catches from 1996 to 2002 [7] and closed its fishery in 2008. The Philippines 

reported a 29% decline in catches in 1997 before the fishery closed the following year 

[8]. Finally the Maldives whale shark catches declined throughout the 1980s and 90s and 

the fishery closed in 1995 [9]. While most targeted fisheries have been closed, poaching 
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[9], bycatch [10-13], and a newly opened fishery in China [14] continue to pressure local 

whale shark stocks.     

The scarcity of information is a byproduct of this species’ pelagic habitat. The global 

whale shark population is dispersed across all the world’s tropical and warm temperate 

seas [3]. This diffuse distribution limited early research to studies of chance encounters 

and beached specimens, and from its discovery in 1828 to 1985 there were only 320 

records for this species [15]. More recently, the discovery of coastal areas in which 

whale sharks gather seasonally has allowed for more regular encounters, and as of July 

3rd 2014, the www.whaleshark.org online database has recorded over 15,597 sightings 

of 5505 unique whale sharks.  Known aggregation sites include Qatar [16], the Maldives 

[17], Ningaloo Reef [18], the Philippines [19], the Galapagos [20], the Gulf of California 

[21], Holbox [22], Belize [23], Mozambique [24], Djibouti [25], the Seychelles [26], and, 

most recently, Shib Habil in the Saudi Arabian Red Sea [27].  

The ecology of the Red Sea is poorly studied in general [28]. This is particularly true of 

elasmobranchs [29], and the whale shark is no exception. The recent discovery of an 

aggregation site in the Saudi Red Sea has provided the first opportunity for long-term 

study of the whale sharks in this basin, and has already produced one of the largest-to-

date satellite-tagging studies on this species [27]. In the present study, photo-

identification was used to assess the seasonal population around Shib Habil.  The sharks’ 

own patterning has proven to be an effective marker because the arrangement of spots 

and stripes is both unique to the individual and stable over long periods of time [30].  

http://www.whaleshark.org/


49 

 

 

The ability to identify and re-identify individuals makes it possible to estimate both the 

size and structure of the whale shark population aggregating around Shib Habil.  Doing 

so provides a baseline for assessing future fluctuations in this population and, by proxy, 

the whale shark population in the greater Red Sea. 

 

2.2 METHODS 

Shib Habil is a fringing reef located 2.5 km offshore from the Saudi Arabian Red Sea 

coast, and 3.5 km from Al Lith, the nearest port. Though considered one reef, it is 

composed of two large, but separate sections. The larger of these sections runs 5.1 km 

northwest to southeast from 20° 7.652'N, 40° 12.508'E to 20° 5.328'N, 40° 14.100'E. The 

smaller section runs 2 km west to east from 20° 7.243'N, 40° 13.194'E to 20° 7.185'N, 

40° 14.287'E. When taken together they form a distinctive hook-shaped reef (see Figure 

1). Whale sharks are often sighted surface feeding in close proximity to this reef during 

the boreal spring months of March, April, and May.  

During this period, surface-feeding sharks were sighted opportunistically. Upon sighting 

a shark, snorkelers were deployed to collect ID-photos. Photos targeted the unique spot 

pattern directly behind the fifth gill slit, and images of both the left and right sides were 

obtained when possible. Photos were also taken of any prominent scars or other signs 

of trauma. GPS coordinates were recorded at the point of snorkeler deployment and 

this was used as a proxy for sighting location. Total length was visually estimated and 
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sex was determined by the presence or absence of claspers between the pelvic fins. In 

most cases, photos were taken to verify the sex determinations.  

Photo Analysis 

Usable ID photos were separated into left/right side categories and analyzed using the 

I3S algorithm [31]. In some cases usable photos were obtained for only one side or the 

other. It is possible that such sharks could be counted twice because of future photos of 

the opposite side. To prevent this, only individuals with a right side photo were 

considered “captured” for the purposes of population analysis.    

Population Statistics  

Capture histories for the whale shark have usually been analyzed using capture-mark-

recapture (CMR) models [13,30,32,33], but when sampling is done opportunistically, it is 

difficult to satisfy the assumptions of CMR techniques. In these cases the lagged 

identification rate (LIR), the probability of re-identifying an individual after a given time 

lag from release, has proven to be a viable alternative [34]. LIR models were first 

proposed for more efficient analysis of large data sets, but can also be used on smaller 

capture histories and are ideal for cases of opportunistic sampling in which effort is 

difficult to quantify [35]. While the LIR was originally used to assess cetacean 

populations [36], it has recently been used to describe residency patterns in whale 

sharks and other planktivorous elasmobranchs [37-39]. The LIR was calculated from the 

data, and eight models with varying degrees of assumed population closure were fit 

using the SOCPROG 2.4 software[40]. These models were compared using either the 
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Akaike information criterion (AIC) or, if the data showed evidence of overdispersion, its 

quasi-variant (QAIC) [41]. The best model was then used to calculate population 

parameters and bootstrapped 100 times to produce 95% confidence intervals [41]. 

 

2.3 RESULTS 

From 2010-2014 there were 237 recorded encounters with whale sharks, and 218 of 

these produced usable ID photos. When the sharks with only left-side photos were 

filtered out, 202 encounters with 110 unique individual whale sharks remained. When 

plotted, the discovery curve (Figure 2) shows no sign of approaching an asymptote. This 

is an indication of either an open population or a very large closed population. These 

110 sharks were evenly divided among the sexes with a male: female: undetermined 

distribution of 37: 45: 28.  The slight female majority was statistically insignificant (χ2 = 

0.78, p= 0.38), and this pattern held for most of the aggregation seasons individually. 

Only 2013 showed a significant bias toward female majority (χ2 = 6.23, p= 0.01) (see 

Figure 3).   

Estimations of total length are available for 83 individuals (34 males, 37 females, and 12 

undetermined). The overall average length was 4.1 meters with no statistically 

significant interannual variation. There was little size differentiation between the sexes 

– the mean length estimate was 4.2 for males and 4.1 for females – and the difference 

was not statistically significant. All estimates were below the length of maturity for the 

whale shark (8-10 meters) [2]. Based on the length data, as well as the juvenile clasper 
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morphology observed in all males, every Shib Habil whale shark encountered thus far 

has been immature. 

Scarring was reported in 57% of identified sharks.  Minor nicks to the pectoral, dorsal, or 

caudal fins accounted for 71% of reported scars. Evidence of more severe trauma was 

found in 14% of sharks and these included abrasions (5% of all scars), lacerations (10%), 

amputations (7%), blunt trauma (4%), or other (5%). The “other” category consisted 

entirely of sharks with bent, folded, or scrolled first dorsal fins.  The more severe injuries 

can be attributed to collisions with boats; the absence of bite scars or any other 

evidence of predation supports this. 

Of the 110 identified sharks, 34 were eventually resighted in the area and 17 were 

sighted in multiple aggregation seasons. The maximum number of sightings for any 

single individual was seven while the average number of sightings was 1.7. The longest 

interval between first and final sightings was 1463 days. The LIR was calculated and 

plotted based on the time lags between resightings (Figure 4). The probability of 

recapture declined rapidly following initial identification, and eventually approached a 

non-zero asymptote, indicating some degree of site-fidelity in at least a few individuals. 

Eight models were fitted to the LIR, and because there was evidence of overdispersion 

in the data set, QAIC was used for model comparison instead of AIC (see Table 1). 

Models G and H, which account for emigration, immigration, and mortality (open 

models, in other words) had the lowest QAIC and were plotted against the data (also 

shown in Figure 4). The two model equations arrive at equivalent curves and Model H 
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was selected for ease of comparison with Fox, et al. 2013 [38]. This model estimates an 

abundance of 15.30 (95% confidence interval 9.14-23.06) whale sharks present on Shib 

Habil at any one time, with residence times on and around Shib Habil of 10.37 (2.16-

22.81) days, residence times away from Shib Habil of 31.98 (8.18-68.9) days, and a 

mortality rate of 0.0014 (0.0004-0.0034). The model was shown to fit reasonably well (χ2 

= 21.7, p= 0.2) despite the fact that overdispersion of the data biases the χ2 test toward 

model rejection. 

 

2.4 DISCUSSION 

The majority of the world’s whale shark aggregations are dominated by males 

[17,22,37,42,43]. The sexual parity found at Shib Habil, both in the present study and in 

Berumen et al, is a stark contrast to the norm [27]. This is particularly true for the 

Western Indian Ocean where every other known aggregation is male dominated [26,44]. 

Even Djibouti, the closest aggregation site to Shib Habil, hosts a whale shark population 

which is 85% male [44]. Globally, the only other site to consistently report an even 

sexual distribution is the Gulf of California, but the sharks there appear to segregate by 

sex: males keep to the shallower waters of the gulf and females stay deep [45]. The 

segregation is strong enough that Rowat and Brooks separate the Gulf of California into 

two distinct, sexually disparate aggregations in their 2012 review of whale shark ecology 

[3]. There is no evidence of such segregation at Shib Habil. Sighting locations are not 

arranged in any sexual pattern and members of opposite sexes were frequently sighted 
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in close proximity. Still, the possibility of sexual segregation warrants further 

investigation as its apparent absence at Shib Habil raises questions about when 

(ontogenetically) and why this occurs in whale sharks at all.    

The immaturity of sharks at Shib Habil is more similar to the demographics found at 

other whale shark aggregations – only the southern Gulf of California and the Galapagos 

islands are known to attract mostly mature individuals [20,45]. Due to sexual disparity 

and immature dominance none of the known aggregation sites represent functional 

(i.e., reproductive) populations. Large portions of the greater whale shark populations in 

these regions must remain offshore, at depth, or in some way cryptic to visual sampling 

at aggregation sites. Regardless, Shib Habil could prove to be a critical staging ground 

for adolescents of this species and more research is needed both to assess this site’s 

importance and to conserve it effectively. 

The prevalence of scarring around Shib Habil is similar to reports from other 

aggregations in the Indian Ocean [13]. Trauma from small craft also lends credence to 

the suggestion that larger vessels may be a source of cryptic mortality [46]. The only 

difference in the present study is the total lack of predation scarring seen at Shib Habil. 

This result is not entirely surprising. The whale shark’s two known predators, the great 

white shark (Carcharadon carcarias) [47] and the orca whale (Orcinus orca) [48] are 

either uncommon or absent entirely within the Red Sea. The few records of the great 

white are now believed to be misidentifications [49], and while the orca is considered 

“rare but present,” there are no confirmed Red Sea records for this species [50].  
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Two thirds of sharks identified at Shib Habil were seen only once. The remaining third is 

divided among sharks seen between two and seven times. When taken as a whole, the 

population of whale sharks at Shib Habil averages 1.7 captures per individual, the lowest 

such average reported for any aggregation site. Other sites for which this data is 

available include Honduras (2.2 captures per individual) [38], Bahai de Los Angeles (2.3) 

[51], the Maldives 3.2 [17], Ningaloo reef (4.3) [52], and Bahai de La Paz (5.4) [51]. As 

one might expect due to its nature as a conglomerate dataset, the “Wildbook for Whale 

Sharks” global database has the median value with 2.8 captures per individual.    

For the most part, these differences can be attributed to greater recapture probabilities 

within a single year, as interannual resightings were roughly similar between 

aggregations. Over 15% of sharks identified at Shib Habil were sighted in two or more 

years. This places it within the range of interannual resightings established by previous 

studies with Bahai de Los Angeles having the fewest (12.6%) and Ningaloo reef having 

the most (35%). This is also reflected in the results of LIR modeling. Both Honduras and 

the Gulf of California have significantly greater identification rates at time lags of less 

than one year than Shib Habil. However over longer time lags, the models begin to 

converge on asymptotes between 0 and 0.01. Despite initial differences in capture 

probability, the broad patterns and general conclusions of these papers are 

fundamentally similar to those of the present chapter. In each, the LIR dropped after 

initial capture before approaching an asymptote above zero. All studies selected open 

models accounting for abundance, emigration, re-immigration, and mortality. Each 

interpreted the results as indicative of transient populations with a few resident or 
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seasonally philopatric individuals. Overall the discrepancies in short-term resighting 

probability may reflect more on differences in survey effort than on differences 

between aggregation sites. While LIR modeling is designed to allow for these biases, 

sightings independent data is needed to validate the residency patterns described for all 

of these sites, and indeed whale shark aggregations in general.  

Shib Habil remains the only known whale shark aggregation within the Red Sea and the 

only aggregation in the western Indian Ocean to attract large numbers of juvenile 

females. Recent satellite tagging has shown a high degree of fidelity of Shib Habil sharks 

to the southern-central Red Sea, but has also demonstrated connectivity into the Indian 

Ocean [27]. Given these movement patterns, the Red Sea, and specifically Shib Habil, 

may be important for juvenile whale sharks to fuel their growth in the relative absence 

of predators before moving into the wider ocean. This site, however, is subject to 

anthropogenic pressures. The Saudi Red Sea is highly fished and one of the sharks 

identified in this study was fatally entangled in a gill-net. In addition to bycatch 

mortality, boat motors from fishing vessels are also likely a threat to the sharks within 

this area as demonstrated by the prevalence of scarring. Finally, Shib Habil lies in the 

out-fall plume of one of the world’s largest prawn farms and the effect of this nutrient 

rich water is uncertain. Future work should look to assess and possibly mitigate these 

impacts. In addition, sightings independent presence/absence data for whale sharks at 

this site could resolve questions about local sexual segregation and differentiate crypsis 

from true absence. 
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2.6 TABLES AND FIGURES 

 

Table 2.1 

Model Scenario ΔQAIC 

A Closed (a1-1 = N) 149.13 

B Closed (a1 = N) 149.13 

C Emigration and mortality (a1 = emigration rate; a2-1 = N) 
16.16 

D Emigration and mortality (a1 = N; a2 = mean residence time) 
24.25 

E Emigration + re-immigration (a1 = emigration rate; a2 
(a2+a3)-1 = proportion of population in study area at any 
time) 16.16 

F Emigration + re-immigration (a1 = N; a2 = mean time in 
study; a3 = mean time out of study area) 24.25 

G Emigration + re-immigration + mortality 0.00 

H Emigration + re-immigration + mortality (a1 = N; a2 = mean 
time in study; a3 = mean time out of study area; a4 = 
mortality) 

0.00 

 

QAIC, quasi-Akaike information criterion; N, population size within the study area at a given 

time 
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Figure 2.1 

 

(A) Location of the study area within the Red Sea. (B) Zoomed in view of Shib Habil. 
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Figure 2.2  

 

Discovery curve calculated as number of individuals identified over total shark encounters. The linear nature of this curve indicates that 

the aggregation at Shib Habil is an open population. 
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Figure 2.3  

 

Bar plot of annual whale shark sex ratios, the * denotes a significant deviation from an even distribution between males and females 
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Figure 2.4  

 

 

Lagged identification rate plotted with the curve of the best fit model. The non-zero asymptote reached by the curve indicates some degree of 
site fidelity.
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Chapter 3: Habitat Use, Sexual Segregation, and Homing Behavior in 

Whale Sharks at Shib Habil 

ABSTRACT 

Fine-scale habitat use data for the whale shark (Rhincodon typus) is scarce, and the few 

available studies used active tracking and archival accelerometers, techniques which are 

incapable of resolving long term patterns of behavior. On the other hand, passive 

acoustic telemetry can be used to monitor defined areas indefinitely. In 2010 an array of 

fourteen acoustic receivers was set up around Shib Habil, an inshore reef and whale 

shark aggregation site off the Saudi Arabian Red Sea Coast. From 2010 to 2012, 75 

juvenile whale sharks were fitted with acoustic transmitters (28 males, 32 females, 15 

undetermined). To investigate movements away from the site, 40 of these animals were 

also equipped with satellite tags. Acoustic detection data confirmed the spring 

aggregation season described in previous studies at this site. Both males and females 

showed a strong affinity for the reef’s exposed edge, particularly its northwest corner. 

The population was shown to be highly integrated with males and females present in 

similar areas at the same time. Over 40% of the tagged animals were detected in two or 

more years, and satellite data demonstrated that many of these sharks had moved 

hundreds of kilometers away before homing back to Shib Habil in later aggregation 

seasons. The high seasonal abundance of juvenile sharks, their residence to this area, 

and the tendency of some sharks to return over multiple years qualify Shib Habil as a 

nursery area for juvenile whale sharks.    
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3.1 INTRODUCTION 

Since the discovery of whale shark (Rhincodon typus) aggregations in 1996 [1], the study 

of these sites has been dominated by sighting-based population assessments [2-5] and 

satellite tracking [6-17]. While much has been learned from these techniques they are 

far from all-encompassing, specifically, neither is capable of describing fine scale 

patterns of habitat use. So the question remains, how do the sharks use these areas 

when present?   

There have been several attempts to answer this question. Active acoustic tracking has 

been used on whale sharks at Ningaloo Reef to plot horizontal movements, calculate 

swimming speeds, and describe diving patterns [18]. More recently, a number of studies 

have used archival accelerometer tags to describe vertical movement strategies [19], 

demonstrate diel changes in activity [20], and to generate detailed three-dimensional 

tracks [21]. Both active acoustics and archival tags are limited in time with deployment 

durations lasting from a few dozen hours [18] to several days [21]. In addition, the 

sample sizes from these studies are small, ranging from one [21] to eleven individuals 

[22]. The short deployment durations inhibit the study of long term patterns of 

residency and habitat selection, and the small sample sizes make demographic 

comparisons impossible to separate from individual variation.   

Passive acoustic monitoring (as described in Chapter 1 of this dissertation), sacrifices 

some of the precision offered by archival techniques in favor of longer tag life. An 

individually coded V16 acoustic tag (V16, Vemco, Amirix Corporation, Halifax, Canada) 
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can have a battery life of over 5 years. Moreover, a single receiver array can monitor 

hundreds of tagged animals. The major restriction of this technique is that it can only 

collect data from animals within the limited detection range of receiver stations, and 

this is less of an issue when naturally confined habitats [23, 24] or known gathering 

areas are targeted [25, 26].     

Like several other whale shark aggregations, Shib Habil has been studied using both 

visual surveys (Chapter 2, this dissertation) and satellite telemetry [11]. Unlike other 

aggregations, acoustic data is also available for the same period and, in many cases, for 

the same individual sharks as the sighting and satellite based studies. On its own , 

passive acoustics can be used to describe temporal and spatial patterns of habitat 

selection, and how these patterns vary between the sexes.  These results can also be 

compared to the sighting data from the previous chapter and used to confirm the 

seasonality and patterns of residency described by visual surveys. For sharks tagged 

with both acoustic and satellite tags, it is possible to describe not only their behavior 

when present at Shib Habil, but also what they did after leaving, and whether or not 

they came back study furthers the understanding of whale shark behavior around Shib 

Habil, and provides valuable information for future studies at this and other aggregation 

sites.   
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3.2 METHODS 

Array Setup and Deployment 

A total of 14 mooring stations were deployed around Shib Habil (Figure 3.1). Moorings 

were constructed according to two different designs. Cinderblock moorings consisted of 

two concrete blocks shackled together with a steel chain. A half-meter length of 

standard garden hosing was looped through the chain and rope was threaded through 

the hosing and spliced into itself. Subsurface floats were attached to rope at three 

meters depth. Tire moorings were constructed by filling the center of a car tire with 

cement. A three meter-long PVC pipe was fixed into the cement before drying. The free 

end of the PVC had a hole drilled into it through which hosing could be looped and rope 

threaded. Cinderblock moorings were used on reef topography and at shallow depths. 

Tire moorings were used on soft substrate and in deeper waters. In both cases the rope 

was used as an attachment point for a Vemco VR2W acoustic receiver (VR2W 69 kHz, 

SNR: 6-10 dB).  

A four-month range test was performed along the northern edge of Shib Habil in 2010 

[27]. Receivers were found to have an average 50% detection range at ~500 meters, 

though this range was significantly affected by time of day and proximity of 

receivers/transmitters to the bottom [27]. Shallow receivers had greater detection 

range, and so all Shib Habil receivers were attached to station lines at 5 meters depth.    
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Transmitter rigging and deployment 

Externally cased Vemco V16P individually coded acoustic transmitters (V16, 69 kHz, 

random delay 60-180 s) were attached to a Wildlife Computers titanium dart anchor 

using stainless steel wire rope and crimps. Both crimps and the wire were covered in 

heat shrink wrap to keep the metal from abrading the shark’s skin. Anchors were 

injected beneath the shark’s skin immediately ventral to the first dorsal fin using a sling-

spear fitted with a tagging needle. A total of 75 acoustic tags were deployed, 37 in 2010, 

27 in 2011, and 11 in 2012. The total tagged subpopulation consisted of 28 males, 32 

females, and 15 individuals of undetermined sex. Tagging was opportunistic and 

effectively a random sampling of the overall population. All tagging was done from 

March through May.   

Satellite Tagging  

Forty-nine satellite tags were deployed from 2009 through 2011, and 40 sharks were 

fitted with both satellite and acoustic transmitters. Three types of satellite tag were 

used: SPOT5 towed tags, MK10-PAT archival tags, and MK10-AF fast-lock tags (Models 

SPOT5, Mk10-PAT and Mk10-AF; Wildlife Computers, Inc. WA, USA). Of the 40 sharks 

tagged with both satellite and acoustic technologies, 8 were fitted with SPOT5s, 16 with 

MK10-PATs, and 16 with MK10-AFs. This subpopulation of 40 individuals once again 

reflects the sexual parity seen at Shib Habil over all with 15 males, 16 females, and 9 

undetermined. For more information about the different tag types, tag programing, and 

the analysis of satellite data please consult the original publication [11].         
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Analysis 

Daily presences were derived from detection data collected between April 2010 and 

January 2014. Whale sharks were considered present within the array on days in which 

two or more detections were recorded. Average daily presences were compared 

between months to find seasonal patterns within the data. This was also performed 

independently between the sexes in order to find evidence of temporal segregation. Chi 

square tests were performed to determine if the distribution of recorded presences 

each month differed significantly from the male-female ratio of detected sharks.    

In order to determine spatial patterns of habitat selection, an acoustic catch per unit 

effort was calculated for each receiver. This was done by summing each receiver’s daily 

count of present whale sharks and then dividing by the number of days monitored for 

each calendar month. Monthly averages were compared using single factor analysis of 

variance (ANOVA), which is robust to violations of normalcy. Spatial segregation 

between the sexes was investigated by comparing the number of recorded presences of 

males and females between receivers using chi square tests.       

Interannual fidelity was calculated as the percentage of individuals which were detected 

at Shib Habil in two or more different years. This was done independently for each 

tagging cohort and each year. If available, satellite records were checked to determine if 

these sharks had migrated away from Shib Habil before returning. Migration distances 

were measured as the straight-line distance between the location of tagging and of 

transmitter detachment. These are high confidence “known” locations, and this 
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estimate is extremely conservative when compared to total track distance. Distances in 

excess of 100 kilometers were considered sufficient to describe the animal as having left 

the area. While such migrations are small in comparison to previously published whale 

shark tracks [7, 17], they are large enough to be both biologically and politically 

significant in the confined waters of the Red Sea.        

   

3.3 RESULTS 

Seasonal Patterns: When are the sharks present? 

The array recorded 26,303 detections of 66 sharks (25 male, 27 female, 14 

undetermined) and confirmed 995 unique daily presences at Shib Habil. The monthly 

average of these presences revealed a strong seasonal pattern. There were clear annual 

spikes in activity occurring in the boreal spring months of March, April, and May (see 

Figure 3.2), with the peak month of each aggregation season shifting between years. 

Whale shark presence was highest in April for 2010 and 2011, in May for 2012, and in 

March for 2013. Individual sharks were present for 1-34 days each season with an 

overall average of 6.22 days per individual. The highest such average for any single year 

was recorded in 2012 with 8.57.  

These seasonal patterns were largely conserved when the sexes were assessed 

separately, and there were no significant differences between males and females for 

most months. The only exception to this was during the month of May, where a 
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significant bias towards female presence was shown. However, this was largely driven 

by the resident behavior of three female whale sharks in May of 2012.  

Habitat selection: How do the sharks use the area when present? 

Spatially, the sharks were not evenly distributed around Shib Habil (ANOVA, F= 4.8, df= 

13, p= 0.00025). Receivers on the reef’s exposed edges recorded 79.7% of all whale 

shark presences, while comprising less than 43% of total effort. An additional 19.1% 

were detected by the receivers in the sheltered regions of Shib Habil, leaving only 1.2% 

of total presence to be recorded by the receivers furthest inshore. The distribution of 

males and females was roughly similar with both favoring the exposed side of Shib 

Habil, especially its northwest corner. Females were significantly (χ2 test, p < .05) more 

likely to range into the southern reaches of reef, and this wider range may have 

contributed to their greater, overall recorded presence. 

 Philopatry: Where do the sharks go? Do they come back? 

Thirty-four tagged sharks were detected in two or more years, and satellite data was 

available for fifteen of these individuals. One shark’s satellite tag detached after only 16 

days. It had traveled 40 km and was detected again at Shib Habil the next month. Two of 

the remaining sharks were tracked for much longer (156 and 157 days) but also 

remained close to Shib Habil for the duration of the deployment (30 and 50 km). The 

other twelve sharks moved further, with distances between tagging and pop-off 

locations ranging from 210 to 610 kilometers. None of the returning sharks was tracked 



75 

 

 

outside of the Red Sea, though they were tracked through Saudi, Sudanese, Egyptian, 

Eritrean, and Yemeni waters.   

 

3.4 DISCUSSION 

Sighting data had suggested that whale sharks were present during March, April, and 

May and absent at other times of the year. This has now been confirmed by acoustic 

monitoring, which demonstrated a strong spring-seasonality of whale shark abundance 

at this site. While sharks were occasionally present at other times of the year, such 

records were too sporadic and too few to justify increased future effort outside of the 

season. Observed residency also fell within the 95% confidence intervals of predictions 

made from sighting based population models.  

The long-term patterns of habitat preference shown in this study do not have any 

analogs in the whale shark literature, so it is difficult to compare Shib Habil to other 

aggregation sites in this regard. Aggregation behavior in whale sharks is typically driven 

by feeding, though prey species varies between areas [28-31]. At Shib Habil, most sharks 

are sighted while engaged in active surface feeding, an energetically costly feeding 

behavior employed only in high densities of the shark’s planktonic prey [32]. Future 

work should look to identify the prey species being targeted by sharks at this reef and 

determining if the sharks’ preference for Shib Habil’s exposed side is driven by 

differences in food availability.   
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Shib Habil is highly unusual among whale sharks aggregations in that it attracts an equal 

proportion of males and females. The only other site to consistently report sexual parity 

in aggregating whale sharks is the Gulf of California, but the sharks there appear to 

segregate by both size and sex [33]. Passive acoustic telemetry has demonstrated both 

seasonal and spatial integration of the sexes at this site, with the most active areas 

around Shib Habil’s northwest corner showing no significant difference in timing or 

distribution of male and female sharks. Presence in the southern regions of the reef was 

significantly skewed to female sharks, though the reasons for this remain unclear. The 

lack of either sexual disparity or segregation at this site highlights the fact that the 

prevalence of such patterns elsewhere is unexplained. 

Several studies have used photo identification to demonstrate that some sharks return 

to the same aggregation sites over multiple years [34-36], but few have demonstrated 

that these apparently philopatric fish ever actually left  [10, 17]. Differences in survey 

effort, seasonal changes in weather, and animal behavior can all impact the probability 

of resighting [37], as was shown by the two sharks from this study which remained 

within 50 km of their tagging locations, despite being tracked for more than 150 days. In 

contrast, twelve sharks moved further than 210 km from Shib Habil before returning.  In 

these cases, seasonal site fidelity is a result of homing migration back to Shib Habil in 

time with the aggregation season. Although x% of the satellite tagged sharks left the 

Red Sea, none of the sharks returning to Shib Habil appeared to leave the Red Sea.  
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All of the sharks sighted at Shib Habil, including those tagged for this study, have been 

sexually immature. Using acoustic telemetry, high seasonal abundances of these 

juvenile sharks have been confirmed, and residencies of up to 34 days have been 

recorded within a single aggregation season. Taken together, the acoustic and satellite 

data have also shown that some animals home back to the area in successive years. 

Given these results and the absence of neonate/ young-of-the-year whale sharks at this 

site, Shib Habil meets all of the criteria to be described as a secondary shark nursery 

[38]. The growth of large juveniles into maturity is one of the most important age-

classes for the long term viability of many shark populations [39]. As such, secondary 

nurseries like Shib Habil could prove to be vitally important staging grounds for the 

greater whale shark population.            
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APPENDIX 3.6 FIGURES 

Figure 3.1 

 

Map of Shib Habil with receiver locations marked. 
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Figure 3.2 

 

 

Monthly summation of whale shark presence with presence defined as days in which an individual whale shark was detected 
2 or more times within the array.
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Figure 3.4 

 

Acoustic profiles of philopatric sharks, Rectangles encompass the period for which satellite data was collected. Rectangle color indicates 

the tag model: Red for a SPOT 5 tag, Blue for an MK10 PAT tag, and Green for a MK10 AF fast-lock tag  
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 Chapter 4: Acoustic telemetry reveals residency of Rhincodon typus 

(whale sharks) at Mafia Island, Tanzania 

ABSTRACT 

Visual surveys are ubiquitous in ecology, and aggregations of the whale shark, 

Rhincodon typus, are frequently described using these methods. Despite being subject 

to locational and visibility biases, few marine studies have validated visual survey data 

with sightings-independent measures of animal presence.  We compared sighting 

records from 195 survey trips conducted over two years at Mafia Island to the results of 

concurrent acoustic monitoring of 37 tagged sharks by an array of 19 listening stations. 

There was a clear seasonal pattern to sightings records with a high season between 

October and February and no sharks observed at other times. In contrast, the acoustic 

monitoring demonstrated year round residency in the area. Moreover, it showed a 

cyclical change in the sharks’ habitat selection with declines in visual encounters 

corresponding to increases in both the animals’ average swimming depth and distance 

from shore. We show, for the first time, year round residency of a whale shark 

aggregation, and call into question the conclusions of whale shark and other marine 

megafauna studies based purely on sighting data.  Without validation, sightings offer an 

incomplete and potentially misleading view of a target population. 
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4.1 INTRODUCTION 

Visual surveys, often supplemented with individual photo-identification, are ubiquitous 

in population ecology and are used to assess a wide range of parameters including 

species abundances [1], residency patterns [2], and various life-history characteristics 

[3]. These techniques are broadly applicable and have been used in a variety of 

terrestrial [3,4], freshwater [1,5], and marine environments [2,6]. The needed materials 

are widely available and inexpensive, though the survey effort required can be intensive 

and time consuming. Fortunately, the field methods involved are simple and can be 

conducted by citizen scientists [7] and tour operations [8]. In addition, the development 

of several software packages for photo comparison has both simplified and streamlined 

the process of individual identification [9-11]. The broad utility of these techniques, 

their low cost, and easy accessibility has led some researchers to promote visual surveys 

as an alternative to more expensive, sightings-independent approaches [8]. 

These choices should be made with caution. Visual surveys are subject to both 

locational and visibility biases, which should be considered before eschewing 

techniques, which may lack, minimize, or better quantify these factors. Locational biases 

stem from the fact that animals in less accessible regions are less likely to be 

encountered [12], while visibility bias arises because some or all of a given population 

may be rendered cryptic by both environmental and behavioral factors [13]. All 

environments are subject to these biases to varying degrees depending on the 

characteristics of both the target species and its habitat. This is particularly true of 
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marine ecosystems which must account for water quality, depth, and distance from 

shore. These potential impacts need to be addressed or at least noted in any study that 

interprets sightings-dependent data. 

One marine species, the whale shark (Rhincodon typus), would seem to be an ideal 

subject for visual sampling. It is readily identifiable to the species level by its distinctive 

size, shape, and coloration [14].  Its natural markings are well suited for photo-

identification as they are unique to the individual and stable through time [15].  

Moreover, there are two available photo comparison algorithms [9,16] and an online 

global database of whale shark encounters and images.  Finally, the whale shark is a 

charismatic species that is frequently targeted by ecotourism operations around the 

world [17-19]. Despite these characteristics, there has been a call for the validation of 

visual surveys using sightings-independent measures of whale shark presence/absence 

[20,21], but no such comparison has previously been made available for this species. 

In the present study, previously published photo-capture records from the Mafia Island 

aggregation are compared to the results from acoustic monitoring done in the same 

area over the same period. Passive acoustic monitoring is an established sightings-

independent method for determining the presence/absence of tagged animals and has 

been successfully used on several shark species [22]. A subpopulation of the target 

species is fitted with individually coded acoustic transmitters, and stationary receiver 

units are scattered throughout the study site. Animal borne transmitters “ping” 

infrequently and these signals can be detected, decoded, and recorded by receiver 
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stations [23]. The record of acoustic detections is a capture history comparable to that 

generated by visual surveillance. The results of this study could have an impact on 

conservation efforts at Mafia Island and our understanding of whale shark ecology at 

this site and elsewhere.   

 

4.2 METHODS 

Study Site 

Mafia is a 435 km2 island located 20 km off the coast of the Rufiji River delta in Tanzania. 

Kilindoni Bay encompasses the southern half of Mafia’s western shore and is bounded 

by two small peninsulas: Ras Mbisi to the north and Ras Kisimani to the south (Fig. 1). 

Whale sharks have been regularly sighted within this bay for all of local memory, but the 

aggregation has never been formally described.  

Visual surveys 

From October 2012 to February 2014, 191 survey trips were conducted within Kilindoni 

Bay; over 700 sightings of 107 identified sharks were recorded and submitted to the 

“Wildbook for Whale Sharks” online database [16]. To enable direct comparison, 

sightings of acoustically tagged sharks were extracted from the dataset. The unit of 

effort was defined as the total number of search hours per week. Only surveys 

performed in sea state Beaufort 3 or less were included in the analysis. 
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Acoustic deployment 

Between October 23 and 28, 2012, 19 moorings were deployed in Kilindoni Bay. 

Moorings consisted of a one meter long rebar pole embedded in a ~20 kg concrete plug. 

The rebar served as an attachment point for a Vemco VR2W acoustic receiver (VR2W 69 

kHz, SNR: 6-10 dB, Vemco, Amirix Corporation, Halifax, Canada). Locations were chosen 

based on whale shark records from 2006-2010 as well as input from local fishermen and 

tour operators (Fig 1). A total of 30 tags (V16 , 69 kHz, random delay 60-180 s, Vemco) 

were deployed from Oct. 22 to Dec. 29, 2012. Fifteen of these tags were equipped with 

pressure sensors (Vemco model V16-LP) to track vertical as well as horizontal 

movements. Tags were fitted to Wildlife Computers titanium dart anchors using steel 

wire-rope. The steel was coated with heat-shrink-wrap to prevent the wire from 

abrading the shark’s skin. Tags were attached to sharks by using a Hawaiian-sling-spear 

to inject the anchor directly beneath each shark’s first dorsal fin. The anchor embedded 

in the dermal connective tissue, securing the tag to the shark’s body.      

Range test 

To determine detection range, long-term range tests were performed in representative 

locations of the array, one inshore and one offshore. Contrasting with animal tags, 

which have a pseudo-random delay between transmissions of 60-120s, range test tags 

have a fixed delay of eight minutes between transmissions. The fixed delay allows for 

the calculation of unequivocal detection probabilities (DP), the proportion of 

transmission detections to the total number of actual transmissions over two-hour time 
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bins. Other than the use of fixed delay intervals, range test tags were otherwise identical 

to animal-borne transmitters.  

The inshore range test took place between November 28 and December 8, 2012, and 

the offshore test occurred between January 21 and February 5, 2013. Four V-16 range 

test tags were attached to temporary moorings at 0, 200, 400 and 800 m distance from 

a reference receiver. The tags were secured half a meter above the seafloor, and in all 

cases the benthos was predominantly composed of sand. 

Because environmental and biological noise can strongly shape detection range in 

tropical systems [24,25], we evaluated their influence in our array using wind speed, 

rainfall, and time of the day as proxies. Wind speed was measured every half hour using 

a DS6410 anemometer, while rainfall was measured every hour using a D7345.319 

tipping bucket rain gauge (both from Davis Instruments, Hayward, CA, USA). The 

instruments were mounted in a clear area approximately 10 m above ground level and 

35 m above mean sea level. 

The logit of DP for each tag-receiver combination were modeled using a generalized 

least square model. Temporal autocorrelation coefficients were found to be significant 

for several tag-receiver combinations. Pseudo-replication in the model was accounted 

for using an autocorrelation structure of first order in the model. The location of the 

range test was included as a random factor. The most parsimonious model was selected 

using the Akaike Information Criterion (AIC) (reference here, at least for the AIC). 
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Residency analysis 

Because VR2W receivers are prone to internal clock drift, we used known initialization 

times to correct for possible temporal discrepancies between receivers. Also, to avoid 

the interpretation of unnatural behavior, we discarded all acoustic detections within 24 

hours of each animal being tagged. 

In order to directly compare the residency patterns estimated by both visual 

identifications and acoustic detections, a presence-absence metric was developed. For 

each survey after an individual shark was identified/detected for the first time, the 

response variable was defined as 1 if the shark was identified/detected within the day 

and as 0 if the shark was not. Formally, being   is the set of individuals identified in the 

sampling occasion in which the individual  was identified for the first time,  is the time of 

sampling occasion , and   is the set of individuals identified in the sampling occasion , 

then the presence-absence vector for shark  () is defined as:    

 

Because the presence-absence variables are effectively probabilities, they were 

modeled using Generalized Additive Mixed Models (GAMM) with a log-odds link 

function and binomially distributed errors.  
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Residency covariates (time of the year and lag since first identification/detection), 

biological traits (size and sex), and effort measures were included as predictor variables 

in both models. In the visual model, the unit of effort was defined as the length in hours 

of the survey (); in the acoustic model, the unit of effort was defined as the number of 

working receivers (). When, after visual identification it was determined that a 

previously tagged individual shed its tag, subsequent presence-absence data was 

removed for that individual. To account for differences in residency between 

individuals, a random factor () was included in the full model. Additionally, temporal 

autocorrelation in the residuals was taken into account by using an autocorrelation 

structure of first order. Both time of the year () and lag () were modeled as smooth 

terms, while size (), sex () and effort were included as linear terms, this is: 

 

The model was fitted using pseudo-likelihood.  First, the best random structure was 

selected by using the AIC of the LME component, after that the most parsimonious fixed 

structure was selected using the R-adjusted value for the GAM component. 

Behavior  

A set of generalized additive mixed models (GAMMs) was used to investigate 

fluctuations in the whale sharks’ average swimming depth and distance from shore over 

the course of the year. Both variables have the potential to affect visual detectability of 
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marine megafauna by introducing visibility bias (crypsis caused by deeper swimming) or 

locational bias (offshore habitats require more time and fuel to survey). Depth, one of 

the response variables, was measured using pressure sensors built into the acoustic tags 

(3 m resolution and ± 34 m of accuracy). Distance from shore was estimated by 

determining the known distance from acoustic stations to shore and assigning it to 

individual detections. 

For both sets of models, the explanatory variables we used were week, time of the day, 

sex, and size. Week number was introduced as a smooth term because we were 

particularly interested in fine scale differences across the year. Other planktivorous 

elasmobranchs are known to change their behavior around dawn and dusk (Nelson & 

McKibben, 1997; Graham, Roberts & Smart, 2006), so time of the day was defined as a 

categorical variable with two levels: ‘day’ and ‘night’. The threshold chosen for those 

levels were civil dawn and dusk times (when the sun is 6º below the horizon) calculated 

for each day of the experiment. Individuals were also included as a random factor in 

order to account for potential individual variability in behavior or sensor calibration. The 

most parsimonious model was chosen by using the AIC. 

4.3 RESULTS 

Range test 

Receivers within the array were found to have a 50% detection probability (DP) at 

ranges of 340 ± 30m (mean ± Standard error; Fig 2), and a 5% detection probability at 

ranges of 565 ± 40m. There were no significant differences in the DP between day and 
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night, across measured wind speeds (0 to 4.2 ms-1), or levels of rainfall (0 to 33 mm) (see 

Table 1). The first order autocorrelation parameter was estimated at 0.54 and the 

variance at the offshore range test was found to be 1.1 times larger than the inshore 

range test. 

Residency 

Both the acoustic and the visual sampling demonstrated high levels of whale shark 

presence between October and February. In both 2013 and 2014, sightings declined 

after January and fell to zero by March. In 2013 the lack of visual sightings continued 

until late October. Despite the lack of sightings, the acoustic array recorded continuous 

whale shark presence throughout the year, recording at least five individuals per week 

in 2013. These differences in the two sampling methods are reflected in their respective 

lagged identification rates. For time lags between 100 and 300 days after initial capture, 

photo sampling had a 0% chance of resighting a shark while the acoustic array had 

approximately a 40% chance of detecting one.   

Behavior 

The sharks tagged with pressure sensor equipped tags demonstrated a seasonal pattern 

in swimming depth (Fig 4). On average, they stayed closer to the surface during periods 

of high whale shark visibility (October to February) but began moving into deeper 

habitats after January. By May, they had increased their average distance from the 

surface by five meters. The deepening trend reversed in June, and in the months that 

followed, the sharks gradually reverted to shallower behavior. In the final model there 
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was a significant difference in swimming depth between day and night, although the 

magnitude was relatively small (~ 2m). No significant differences were found between 

the sexes or for sharks of differing sizes. 

HCPC analysis indicated a similar seasonal pattern in horizontal habitat use. Receivers 

were divided into inshore, intermediate, offshore, and offshore sandbank categories 

based on the monthly number of sharks detected at each station. Proportional use of 

inshore and intermediate receivers rose steadily from October through December, 

peaking in January/February with over 80% of detections. This proportion dropped 

sharply after February, and by July the inshore/ intermediate regions received less than 

15% of detections. This was also reflected in the average distance between the shore 

and detecting receiver stations for each month.  Average detection distance from shore 

was 3.9 km between October and February. This distance nearly doubled for periods 

between March and September with an average distance of 7.2 km 

 

4.4 DISCUSSION 

There is a stark contrast between the seasonal cycles of whale shark sightings in 

Kilindoni Bay and the year-round residency demonstrated by acoustic monitoring. The 

discrepancy results from a cyclical shift in the sharks’ habitat selection, which introduces 

both locational and visibility biases into the survey data. Periods of high visibility 

correspond to the sharks using shallow, inshore habitats. Sightings decrease in late 

January as the sharks shift their activity away from the surface and toward areas further 
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from shore. Sharks swimming just a few meters below the surface are much more 

difficult to spot from a boat, generating visibility bias, and even a small migration away 

from shore would put the shark in areas that are more time and resource intensive to 

survey generating locational bias sites offshore sites receive less survey effort by 

necessity. Combined, these factors rendered the entire whale shark population in 

Kilindoni Bay cryptic to visual sampling from March to November 2013 and after 

February 2014 despite near-continuous presence throughout the entire monitoring 

period. 

The prolonged crypsis seen at Mafia Island may be a widespread phenomenon. There 

are several aggregations for which seasonal cycles of whale shark presence and absence 

have been described, and most of these studies are based exclusively on sighting data 

[19,29-31]. Even regions with aperiodic presence have been found to host highly 

transient whale shark populations [21,32]. Other authors have suggested that the 

apparent emigration from these areas may be the result of small-scale shifts in habitat 

use [20], though Mafia is the only region for which this suspicion has been confirmed. It 

remains to be seen whether the situation at Mafia is an anomaly or the first indication 

that whale sharks at other aggregations are more resident than previously thought.  

In addition to seasonality and residency patterns, these results call into question other 

conclusions drawn purely from sighting records. Population parameters such as 

abundance estimates and survival rates derived from capture-mark-recapture studies on 

whale shark ID photos could be biased downward if a significant number of animals are 
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cryptic to the sampling method. Similar bias has already been described in other shark 

species [33,34]. The sexual disparity found in most aggregations [29, 32, 35-37] could 

actually be the result of sexual segregation based on depth or distance from shore. 

Segregation by size and sex has been reported in whale sharks from the Gulf of 

California [38-40], and it is possible that similar patterns of behavior are occurring at 

other sites. In short, the findings here have profound ramifications for the study of 

whale shark aggregations globally and cast doubt on much of what is “known” about 

these areas.  

If locational and visibility biases are not accounted for, then sightings-based approaches 

offer only a limited and possibly misleading picture of the target population. This is not 

to say that visual surveys should be done away with entirely. They are a vital tool and 

may be the only practical method for monitoring some species. Still, researchers and 

conservation managers need to be cautious about conclusions drawn from unvalidated 

sightings data. Visual absence is particularly open to interpretation and, as with the 

whale sharks on Mafia Island, may not be a suitable proxy for actual absence. Ideally, 

these biases should be accounted for in experimental design, offset mathematically, or 

avoided with automated observational networks.  
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4.6 Tables and Figures 

 

Table 4.1 

 

 

Selection table for detection probability (DP) models. In the selected model (lowest AIC) DP is influenced 
by distance (d) but not by wind speed (w), rainfall (r)  or time of the day (t). 

 

Table 4.2 

 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

2012 - - - - - - - - - 12 21 24 

2013 21 18 8 4 2 1 3 2 1 0 17 18 

2014 23 16 1 1 2 - - - - - - - 

 
 

Number of boat based surveys per month per year 
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Table 4.3 

 

Shark 
Number Tagging date Sex Estimated 

Length (m)  
Shark 
Number Tagging date Sex Estimated 

Length (m) 

1 22/10/2012 Male 4.5  16 15/12/2012 Male 6.5 

2 23/10/2012 Male 7  17 15/12/2012 Male 5 

3 24/10/2012 Male 5  18 15/12/2012 Male 8.5 

4 27/10/2012 Male 6  19 16/12/2012 Male 8 

5 29/10/2012 Female 5  20 16/12/2012 Male 5 

6 29/10/2012 Male 7  21 22/12/2012 Male 4.5 

7 29/10/2012 Male 5  22 22/12/2012 Male 7 

8 29/10/2012 Male 6  23 22/12/2012 Male 6 

9 29/10/2012 Male 4.5  24 23/12/2012 Male 4.5 

10 30/10/2012 Male 6  25 23/12/2012 Male 6.5 

11 30/10/2012 Male 5  26 25/12/2012 Female 5 

12 30/10/2012 Female 7  27 25/12/2012 Female 5 

13 7/11/2012 Female 5  28 29/12/2012 Female 6 

14 10/11/2012 Female 5  29 29/12/2012 Male 9 

15 15/12/2012 Female 6  30 8/1/2014 Male 6 

 

 
 

Tagged whale shark metadata: note the disparity between males and females common to this and most other 

aggregation sites. Most sites are also dominated by immature sharks and the same is true at Mafia: only sharks 18, 

19, and 29 were thought to be mature.
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Figure 4.1 

 

Map of the study area showing the location of the acoustic stations (●), the 10m isobath (dashed line) and the total search time spent looking for 

whale sharks over the entire survey period.  
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Figure 4.2 

 
Mean detection probability of reference tags across distance. Dashed lines indicate the standard error. 
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Figure 4.3 

 

 

 Scaled number of uniquely identified individuals corrected per unit effort. Survey hours were used as the unit of for Photo Captures (Grey Line) while 

receiver coverage was used for Acoustic detections (Black Line). Note the discrepancy in capture per unit effort between the two methods after 

January of each year. 
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Figure 4.4 

 

 

 Whale shark swimming depth (top) and distance from shore (bottom) throughout the year. Grey shading 

indicates the standard error of the mean. Note that increasing depth and distance at the beginning of the 

year which corresponds to periods of reduced whale shark sightings. 
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Chapter 5: Overall Conclusions 

Comparison of sighting and acoustic records 

The results for Shib Habil are strikingly different from those for Mafia Island. At Shib 

Habil, acoustic monitoring confirmed many of the predictions made by sighting-based 

population models, showing similar seasonal fluctuations in the abundance and 

residency. In contrast, the year-round residency at Mafia Island is in direct contradiction 

to the seasonal presence suggested by visual surveys. Both the philopatric behavior 

shown at Shib Habil and the cryptic residence shown at Mafia Island could explain the 

seasonal fluctuations in whale shark abundance reported at other aggregation sites and 

it remains to be seen which pattern of behavior is more prevalent.  

Sexual demographics of whale shark aggregations 

 Further acoustic monitoring would be particularly valuable in the Gulf of California 

which, like Shib Habil, attracts roughly equal numbers of males and females [1-3]. In 

addition to determining whether or not the sharks actually leave the Gulf seasonally, 

information on habitat selection could be used to further investigate the apparent 

segregation between the sexes at that site [3]. Male and female sharks are neither 

disparate nor segregated at Shib Habil, and this is unique among the known 

aggregations. Like Mafia Island, most other aggregations dominated by immature males 

[4-10]  Understanding the disparity seen at Mafia Island and most other aggregations 

and the segregation reported from the Gulf of California is an important conservation 
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issue as both sexes need to be protected in order to maintain viable whale shark 

populations.  

Aggregation sites as secondary nurseries 

Another important conservation issue raised by this work is the role of whale shark 

aggregations as secondary nursery grounds. Both Shib Habil and Mafia qualify under the 

criteria set by Heupel et al: both attract high abundances of juvenile sharks which are 

resident for periods of weeks or months and show a tendency to use the area over 

multiple years, either seasonally or as long-term residents [11]. The aggregation sites at 

Shib Habil and Mafia Island and similar areas around the world may prove to be vital 

feeding grounds for large juvenile whale sharks as they fuel their growth into adulthood, 

but both the largest and smallest size classes are generally absent from these areas. 

Primary nurseries, areas which shelter newborn and neonate animals, have not been 

described for the whale shark and encounters with animals smaller than three meters 

are rare. The few records of neonate and young-of-the-year specimens come mostly 

from purse seine fisheries and typically suggest a pelagic lifestyle () and also a high 

degree of predation risk. Two neonates have been found in the stomachs of pelagic 

predators (a blue shark, Prionace Glauca; and a blue marlin, Makaira mazara) [12,13]. In 

Taiwan, a 78 cm specimen was reportedly being pursued by a school of giant trevally 

before it was captured, tagged, and released. Based on their morphology, neonate 

whale sharks are likely to be poor swimmers [14]. As such, a pelagic habitat could be a 
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behavioral predator avoidance mechanism, and would likely be supplemented by diel 

vertical migration and the sharks’ natural disruptive coloration [15].  

Coastal areas have much higher densities of potential predators, and this likely limits the 

ability of neonates to venture into these regions and take advantage of more abundant 

food. Even the relatively large juveniles which frequent coastal aggregations often bear 

scars from attempted predation [16]. The lack of such scarring at Shib Habil may be the 

result of predator depletion from overfishing [17]. Coastal areas with low fishing 

pressures typically report a high biomass of apex predators [18,19]. If the upside-down 

trophic pyramid structure seen in these areas is historically representative of unfished 

ecosystems, then whale sharks evolved in an environment which made near-shore 

regions extremely perilous, especially for small neonates.  Given this, it is unsurprising 

that neonate whale sharks do not aggregate in coastal areas and are rarely encountered 

by humans. 

Large juveniles may use the abundant food available at coastal upwelling zones to 

accelerate their development into sexual maturity, but mature individuals are rarely 

seen at most of these sites [20]. None of the sharks reported from Shib Habil have been 

mature and there were only three mature individuals out of the 107 sharks identified at 

Mafia Island. Once maturity has been reached, there may be less pressure on these 

animals to grow quickly, making them less reliant on the “fast food” available in coastal 

upwellings. Another possibility is that larger whale sharks have greater access to 

another, more pelagic source of food: the deep scattering layer. 
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The deep scattering layer, a high density band of mesopelagic fish between 200 and 

1000 meters deep which is visible as a “false bottom” on ship-borne echo-sounders, is a 

global phenomenon and one of the most characteristic features of the open ocean [21]. 

The estimated 10-15 billion tons of fish in this layer represent an abundant and widely 

available resource for animals capable of exploiting it [21]. Satellite telemetry has shown 

that even juvenile whale sharks are capable of diving deep enough to target this layer. 

However such dives are probably energetically costly due to the colder temperatures 

associated with depth. Whale sharks have been shown to bask at the surface for 

extended periods between deep dives, potentially indicating behavioral 

thermoregulation.  The costs of moving into cold water would need to be offset by 

energetic gains from efficient feeding, but mesopelagic fish are not passive particles and 

have been shown to avoid trawls [22]. A larger whale shark would be equivalent to a 

larger net, and may be more difficult to escape, and gigantothermy may make larger 

sharks more energetically efficient in cold water. 

Surface feeding at aggregation sites may only represent a small fraction of the whale 

shark’s trophic ecology and life history, but that fraction includes the critical stage of 

moving from large juvenile to small adult. In many shark species this is the most 

important life stage to protect in order to maintain the viability of the population as a 

whole [23]. Moreover, while pelagic areas are difficult to patrol and protect, coastal 

regions can be subject to more stringent regulation. Protection of coastal aggregations 

sites could prove to be an effective measure that is relatively painless and easy to 

enforce.                  
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Importance of these studies as a basis for future work  

The work in this dissertation is transformative. The satellite tagging at Shib Habil has 

produced nearly half of the tracks available for this species. The passive acoustic 

monitoring at both Shib Habil and Mafia Island is unprecedented. Combining these 

techniques with more traditional sightings based approaches has led to a clearer 

understanding of the demographic and behavioral patterns exhibited by whale sharks at 

these sites. 

However the cryptic behavior shown at Mafia has highlighted the limitations of all of 

these techniques. Demographic/population models rely on the assumption that the 

group of observed individuals is representative of the greater overall population. Even 

tagging studies can only be performed on sharks which are encountered at least once. If 

a significant portion of the aggregating sharks are cryptic to current sampling methods, 

then our understanding of these areas and of this species may prove to be superficial.     

This dissertation represents some of the earliest stages in the study of these two sites. 

The work presented here is foundational and should be built upon. This is already 

happening for Shib Habil: at the time of this writing there are two ongoing dissertation 

projects at KAUST’s Red Sea Research Center which are direct extensions of the work 

presented here. Work at Mafia is also ongoing. We plan to combine the sighting and 

acoustic data into mark-resight population models which can account for the cryptic 

residence exhibited by the whale sharks in the area and our collaborators are using 

plankton data and fatty acid analysis to determine what the sharks are eating. 
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Whale shark aggregations do not represent functional populations. The majority of 

animals are too young and the sexual ratios at most sites are too skewed. Because of 

this, some researchers have begun expanding their studies into the whale shark’s 

pelagic habitat [24]. It is certainly an important line of questioning, but the information 

to be gained by studying the aggregation sites is far from exhausted, especially as new 

sites continue to be discovered and new techniques continue to be developed and 

deployed in these areas. 
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