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ABSTRACT 

Spots and Sequences:  
Multi-method population assessment of whale sharks in the Red Sea 

Royale S Hardenstine 

In 1938 Dr. Eugene Gudger concluded of the Red Sea that "whale sharks must surely 

abound in this region." Seventy years later, multi-method research began on a whale 

shark (Rhincodon typus) aggregation at Shib Habil, a reef near Al Lith, Saudi Arabia. 

However, in 2017 and 2018, a dramatic decline in encounters at this site drew questions 

about the aggregation's future and overall whale shark population trends in the region. 

In this dissertation, I describe and discuss the two-year decline in encounters and show 

that neither remotely sensed sea surface temperature nor chlorophyll-a concentrations 

were significantly different in seasons with or without sharks. Citizen science-based photo 

identification was used to characterize the northern Red Sea population, the Red Sea 

population as a whole, show limited crossover within the basin, and connections with 

another aggregation in Djibouti. Scarring rates within the Red Sea are compared to 

recent global studies, and the Red Sea uniquely had no predator bites observed, 

suggesting boat collisions are likely the leading cause of major scars. Finally, building 

upon previous genetic work comparing Red Sea and Tanzanian sharks using 

microsatellites, the mitochondrial control region was sequenced, and two global 

haplotype networks were produced and compared to each other and previous work. 

The stability of genetic diversity within the Shib Habil aggregation is compared to 

declines previously measured in Australia. As tourism develops along the northern Saudi 

Arabian coast and citizen science increases in the Red Sea, population dynamics within 

the region could be better understood. The genetic connectivity of Red Sea whale 

sharks to the Indo-Pacific population exemplifies the need for continued collaborative 

research beyond local aggregations and multinational conservation measures.  
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CHAPTER 1: BACKGROUND AND LITERATURE REVIEW 

1.1 INTRODUCTION 

The whale shark Rhincodon typus Smith 1828, has long been considered 

an enigmatic species (Rowat & Brooks, 2012). This descriptor was especially 

accurate during the early stages of whale shark research. Despite being the 

world's largest fish, with an individual fished in India measuring 18.8m (Borrell et 

al., 2011) and reports of another from Taiwan estimated to measure 20m (Chen 

et al., 2002), encounters with these ocean giants were historically rare. In 1985, a 

compilation of all known whale shark encounters from over 150 years of 

published science produced only 320 available records (Wolfson, 1986). The 

majority of early studies were happenstance encounters with free swimming, 

stranded, or fished individuals. The difficulty of encountering these sharks in early 

research is best illustrated by the fact that neither Dr. Fay Wolfson nor Dr. Eugene 

Gudger, arguably two of the leading whale shark researchers between 1828 and 

1986, ever saw a live whale shark (Stevens, 2007). Both Wolfson and Gudger 

worked extensively to investigate deceased specimens, collect and verify 

anecdotal encounters, and publish descriptions of whale shark biology (Stevens, 

2007). The efforts of both Gudger and Wolfson, along with other early whale 

shark researchers, established a basic morphological and ecological 

knowledge, which has been built upon over the last three decades. Improved 

understanding of these "enigmatic" sharks has become ever more pressing with 

their change in status on the International Union for Conservation of Natural 
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Resources (IUCN) Red List from Vulnerable (Norman, 2005) to Endangered due to 

a continued trend of population decline (Pierce & Norman, 2016). 

1.2 SEASONAL AGGREGATIONS  

Whale sharks are distributed circum-globally throughout tropical and 

temperate seas. Their range is generally limited to between 30° N and 30° S, 

preferring temperatures of 20-35° C (Rowat & Brooks, 2012). However, tagged 

individuals have been recorded diving into waters with lower temperatures, as 

low as 6°C in the Seychelles (Rowat & Gore, 2007). Therefore, it appears that 

short-term exposure to cold water temperatures does not affect the sharks 

overall (Rowat & Brooks, 2012). More recent research has suggested that whale 

sharks have a specialized body plan that allows them to retain environmentally-

derived heat when moving into cooler temperatures, especially when diving to 

forage ( Meekan et al., 2015). This tolerance enables whale sharks to 

occasionally venture outside of their typical range with sporadic sightings 

occurring in Massachusetts, USA (Gudger, 1952), California Coast, USA (Ebert et 

al., 2004), New Zealand (Duffy, 2002), and the Bay of Fundy, Canada (Turnbull & 

Randell, 2006).  

The discovery of seasonal coastal aggregations of whale sharks greatly 

impacted the work that could be completed on these animals. Despite their 

large size, encounters with whale sharks in the open ocean are rare and 

unpredictable, with the majority of reports in pelagic waters coming from tuna 

purse-seine fisheries (Sequeira et al., 2014). Therefore, coastal aggregation areas 

where multiple individuals can predictably be encountered provided 
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researchers with a unique study opportunity. The (typically) reliable nature of 

aggregations and ease with which whale sharks can be approached has 

dramatically increased the accessibility of these animals to researchers. The 

ongoing discovery of novel aggregations has enabled researchers to piece 

together data from multiple locations into a global picture of whale shark 

population dynamics. 

Increased ability to reliably encounter whale sharks has led to the 

development of new, cost-effective methods for studying them. The most widely 

adopted has been the photo-identification method first established by Geoff 

Taylor (1989) at the Western Australian aggregation at Ningaloo Reef. By 

comparing photos collected over several years and validating identifications 

using scarring patterns, this study determined that the whale shark's natural 

patterning was stable enough through time to be used as an identity-marker 

(Taylor, 1989). A follow-up study demonstrated that the lateral area above the 

pectoral fin and immediately behind a whale shark's gill slits contained natural 

markings unique to each animal (Norman, 2004). The ability to identify individual 

sharks over successive years kick-started investigations into whale shark 

aggregation seasonality and site fidelity. At Ningaloo, photos collected from 

1992 to 2006 were used to identify 276 unique individual sharks, including 61 

animals with multiple recorded encounters, and 25 which were photographed in 

multiple years (Meekan et al., 2006). Eventually, software was developed which 

partially automated the process of photo-identification and dramatically 

decreased the time and effort required to build, maintain, and search large 
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photographic databases (Arzoumanian et al., 2005; Van Tienhoven et al., 2007). 

As this methodology spread to other aggregations, an online global database 

was eventually developed to share photos and determine if sharks were moving 

between locations (Wildbook for Whale Sharks, whaleshark.org). Long-term 

monitoring of some of these regions has provided sightings over decades. For 

example, a whale shark nicknamed "Stumpy" has been photographed and 

identified 69 times at Ningaloo reef from 1995 through 2016. Only one shark has 

been identified at that location longer, Zorro, who was identified initially in 1994 

and has been encountered during 15 out of 23 years (Norman & Morgan, 2016). 

Over the more than two decades, Stumpy's estimated length has not changed, 

and similarly, Zorro has been measured to be approximately the same length 

(7.4m) for all encounters. However, over the time they have been monitored, 

both sharks have reached maturity (Norman & Morgan, 2016). Photo-ID work at 

various aggregations has also allowed for an understanding of population 

dynamics and size estimates from models based on rates of re-sighting and 

number of sightings during seasons. 

Understanding how sharks navigate to aggregation locations, why they 

are there, where they are coming from, as well as where they are going are all 

essential questions at the forefront of research in these locations. A large portion 

of the species' range, especially within the tropics, is made up of oligotrophic 

surface waters, resulting in no immediately obvious food source. The majority of 

whale shark aggregations appear to be driven by feeding opportunities around 

predictable food pulses. This is either related to high seasonal productivity of the 
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area or spawning aggregations of other fish species. Various studies have been 

undertaken at individual aggregations to determine what foods sharks are 

specifically targeting. There generally is a wide variety between aggregations 

and even, at times, within aggregation sites. It appears that sharks are not 

targeting a specific food source but rather are seeking out high concentrations 

of any prey type they can filter (Rohner et al., 2015).  

  Several studies have also employed stable isotope and/or fatty acid 

analysis to help determine what whale sharks may be eating away from surface 

waters where feeding cannot easily be observed. Analysis of stable isotopes and 

fatty acids off the coast of Australia at Ningaloo reef found that whale shark 

profiles differed significantly from their presumed prey at that aggregation 

(Marcus et al., 2016). Another study focused on India's Gujarat coast showed 

whale sharks in the area have a similar isotopic signature to another fish, the 

Indian Ilisha (Ilisha melastoma), that also feeds on zooplankton. This paper also 

discussed the potential for sexual and ontogenetic differences in the isotopic 

profile for this species (Borrell et al., 2011). The idea of an ontogenetic shift has 

also been suggested in studies examining Taiwanese sharks (Yu et al., 2016), 

Australian sharks (Marcus et al., 2019), and sharks from both the Mexican 

Caribbean and Gulf of California (Whitehead et al., 2020). Work in Tanzania and 

Mozambique also showed whale sharks having similar profiles to local 

planktivorous fishes (Prebble et al., 2018). However, compared to their suspected 

prey in Tanzania, sharks were more enriched than the zooplankton, leading to 

the conclusion that additional food sources must be composing their diets 
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(Prebble et al., 2016). Comparisons between sharks sampled in Mozambique, 

Tanzania, and Qatar showed latitudinal differences in stable isotope profiles, 

which led the authors to conclude that juvenile whale sharks may have 

restricted regional movements (Prebble et al., 2018). 

How whale sharks find the areas of high productivity containing 

concentrations of prey remains unknown. Their vision is believed to be relatively 

poor, and it would, therefore, appear that they rely on olfaction and potentially 

chemoreception to find high densities of food (Rowat & Brooks, 2012). One 

hypothesis is that they target a chemical cue from phytoplankton fed on by 

zooplankton, dimethyl sulfide (DMS), a compound used by other pelagic 

foragers to locate high densities for food (Rowat & Brooks, 2012). An experiment 

on captive whale sharks showed that they exhibited a reaction to a plume of 

DMS pumped into their exhibit (Dove, 2015). However, their response was 

strongest when a krill homogenate plume, the whale sharks' main diet at the 

aquarium, was added to the exhibit. Limited information is known about whale 

sharks' sensory perception because of the difficulty of experiments involving such 

a large shark (Rowat & Brooks, 2012). 

As the global number of known "hot spots" grows, researchers continue to 

strive to understand how these populations are connected on both the local 

and global scale. Through this understanding, researchers, government entities, 

and other stakeholders can begin to put in place plans for the protection of this 

species. Although, to some degree, logically, these fish would be able to travel 

great distances, understanding their distribution and connections can bring 
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together the appropriate entities to instate wider-ranging protections. Despite 

the magnitude of information that can be accumulated at an aggregation site, 

it is only one location and moment, a factor which limits researchers' abilities to 

draw far-reaching conclusions. It is, therefore, essential to understand how these 

populations are connected and change over time. 

1.3 POPULATION CONNECTIVITY  

1.3.1 PHOTO IDENTIFICATION 

Photo-ID not only allows for analysis of residency within a particular 

aggregation but can also be used to detect and quantify crossover between 

distant aggregation sites. For example, Brooks et al. 2010 found sharing photo-ID 

data between researchers at different aggregations sites easy and suggested 

this as a compelling method to regionally compare seemingly distinct 

populations. Techniques such as placard tags have been used but with limited 

success. Although the use of placard tags could suggest some levels of 

philopatric behavior, rates of biofouling on the tags, shedding, and breakage 

made them challenging to use to successfully identify sharks over multiple 

seasons (Colman, 1997; Graham & Roberts, 2007; Rowat et al., 2009). Therefore, 

these tags were determined to be an ineffective means to assess movement, site 

fidelity, and population abundance (Graham & Roberts, 2007).  

The establishment of an international, online photo-ID database, Wildbook 

for Whale Sharks, has allowed researchers to look for crossover between 

aggregations, especially those where tourism is active. This system employs a 

computer program based on the Groth algorithm (Groth, 1986), initially used for 
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stellar pattern matching, to identify whale sharks based on the patterns on their 

sides (Arzoumanian et al., 2005). However, the Groth algorithm is proprietary and 

can only be used on the online platform. For this reason, it is also commonplace 

for researchers to utilize the Interactive Individual Identification System (I3S) (Van 

Tienhoven et al., 2007) to produce initial databases or identify sharks in areas 

where the internet may not be readily available. The online database is also a 

useful outreach tool, benefiting from the contributions of tourists and dive 

operators, in addition to researchers. It is somewhat surprising just how little 

crossover between aggregations has been recorded. These efforts can only be 

successful when data is shared among aggregation sites, especially in regions 

where connectivity may be expected (Rowat & Brooks, 2012). For example, a 

study that examined 1724 sharks from five aggregations (Mozambique, 

Seychelles, Maldives, Christmas Island, and Ningaloo) found only one 

connection, with an individual moving from Mozambique to the Seychelles (2800 

km) (Andrzejaczek et al., 2016). The movement of individuals between distant 

locations like Mozambique and Ningaloo, separated by over 6000 km, would 

likely be quite rare. However, a lack of confirmed movements via photo-ID 

between much closer sites like Australia and Christmas Island (1600 km) or the 

(Seychelles and Maldives (2000 km) is more unexpected.  

Although photo-ID studies analyzing a single aggregation's demographics 

can be useful, more broad studies have been a focus over the last decade. 

These studies begin to provide regional-scale information based on photos 

collected from either multiple aggregations or opportunistic sightings outside of 
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immediate aggregation locations. A citizen science-based approach is 

commonly used to help bolster the data collected by researchers at 

aggregations. One such example is Shark Watch Arabia, a program created to 

gather whale shark sightings from the Arabian Gulf and the Gulf of Oman. These 

sightings were then added to the global database and compared to data 

collected from the Al Shaheen Oil field in Qatar (Robinson et al., 2016). 

Ultimately, this work found 13 individuals sighted at locations different from their 

original sighting location, out of 341 individuals identified at Al Shaheen and 81 

individuals from the surrounding region (longest straight-line distance traveled 

830 km). The results indicate high connectivity within the Arabian Gulf and the 

Gulf of Oman, which allowed for a regional population estimate: 2837 sharks ± 

1243.9 S.E. (95% confidence intervals of 1720 to 6285 sharks) (Robinson et al., 

2016). Previous studies of this kind, covering larger areas, including other 

aggregations in the Indian Ocean, showed much less movement between sites. 

Holmburg et al. 2009 reported only three sharks out of 1275 collaboratively 

identified in the Indo-Pacific (locations included: Australia, the Philippines, the 

Seychelles, Mozambique, the Maldives, Christmas Island, and Thailand) that were 

sighted at more than one of the study locations. When individuals from the 

Seychelles were compared with other individuals from the western Indian Ocean 

(Djibouti (3000 km), Mozambique (2800 km), and Tanzania (1800 km)), no 

crossover was found (Brooks et al., 2010). However, as previously mentioned, a 

study that included five Indian Ocean aggregations (Ningaloo, the Maldives, 

Mozambique, the Seychelles, and Christmas Island) showed only one individual 

that was sighted in both Mozambique and the Seychelles (locations about 2800 
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km apart). However, on average, 35% of individuals were sighted at the same 

site in more than one year (Andrzejaczek et al., 2016).  

A comprehensive study of western-central Atlantic whale shark sightings 

analyzed 4,298 encounters from 1,361 identified sharks from 1999 through 2015 

(McKinney et al., 2017). This region has multiple aggregation locations in 

Honduras, Belize, and Mexico, and two wider areas where sightings occur: the 

United States Gulf Coast and the greater Caribbean region. The study aimed to 

determine population metrics within the western-central Atlantic and determine 

region-scale connectivity (most sites are <1000 km apart). Half of the sharks 

identified (683 of 1,361 total) were reported only once, while 608 of the 

remaining individuals were observed only in the area where they were initially 

encountered. Furthermore, only 70 were encountered at more than one 

location, mostly along the Mesoamerican Reef (Honduras, Mexico, and Belize) 

(McKinney et al., 2017). Connections throughout the Mesoamerican Reef were 

strong, with individuals sighted in either Belize or Honduras in the spring and then 

Mexico in the summer almost yearly. Interestingly 16 sharks had records spanning 

over 10 years, with one individual first observed in Belize sighted 16.5 years later in 

Belize, followed by several years of encounters in Mexico (McKinney et al., 2017). 

(This region appears to be unique, as many of the other studies that examine this 

kind of data either lack long-term data sets for some aggregations or have far 

more distant locations. 

Following these more focused analyses of specific regions utilizing photo-

ID, Norman et al. 2017a published an in-depth study examining all encounters on 
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Wildbook for Whale Sharks from 1992-2014, encompassing almost 30,000 

encounters from 54 countries. This data resulted in the identification of 6091 

individual whale sharks, with the majority of individuals, 5956 (97.78%), coming 

from known hotspots/aggregation sites. The study also examined site fidelity and 

crossover trends between the different aggregation sites (Norman et al., 2017a). 

Based on the results, it appears that proximal sites generally have more 

crossover. Continued photo-ID at multiple aggregations paired with sustained 

collaboration among researchers will be necessary to produce additional global 

connectivity studies on ecologically significant time scales. 

1.3.2 GENETIC CONNECTIVITY  

Photo-identification is arguably the most common method for studying 

whale shark aggregations, but it has limitations, especially concerning assessing 

long-term connectivity patterns among distant sites. Population genetics can 

supplement photographic data and overcome some of the limitations of other 

research methods. Several studies have used both mitochondrial and 

microsatellite markers to assess levels of genetic exchange among whale sharks 

at different geographic scales. An analysis using mitochondrial markers in the 

Gulf of California found 14 haplotypes in the 36 individuals sampled (Ramírez-

Macías et al., 2007). This location is known to host essentially two distinct 

aggregations; juvenile males using the habitat closer to shore and mature 

females utilizing deeper water habitats (Eckert & Stewart, 2001). There was no 

significant genetic structure found within these individuals, which likely means 

that whale sharks aggregating in the Gulf of California are all members of a 
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single population. The results from the large, mature females suggested the 

potential of natal philopatry (Ramírez-Macías et al., 2007). 

Additionally, a more recent study of 31 whale sharks, the majority of which 

were juvenile males, in Cenderawasih Bay, Indonesia, used the cytochrome 

oxidase I (COI) gene to determine genetic diversity. Seven haplotypes were 

observed from the 31 individual sharks included in the study. When compared 

with publicly available sequences, the Indonesian sharks were determined to be 

closely related to other Indian and western Pacific whale sharks (Toha et al., 

2016). In this case, the low number of haplotypes and some lack of diversity is 

driven by the use of a non-specialized genetic marker, in this case, COI, which is 

generally used to differentiate species. Other studies have used genetic markers 

designed for a specific control region unique to whale sharks that can show 

more differences between individuals (Castro et al., 2007; Ramírez-Macías et al., 

2007). 

 A specific mitochondrial control region for whale sharks was chosen for 

analysis of global population connectivity. This control region is now the 

suggested standard used for most whale shark genetic studies that use 

mitochondrial markers (Castro et al., 2007). The initial study analyzed 70 samples 

from 10 different locations, which were grouped into five ocean basins. Results 

showed slight differences in haplotype frequencies between the division of Indo-

Pacific and Atlantic Ocean basins, suggesting potential genetic structure (Castro 

et al., 2007). Overall conclusions pointed to at least basin-wide connections, with 
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the caveat that due to the relatively low sample size, global connections could 

not be ruled out (Castro et al., 2007). 

 Microsatellite markers also have the potential to show population 

connectivity via genetic studies, and a set of primers was published by Ramírez-

Macías et al. in 2009; however, these were never used in an independent 

analysis. Another set of microsatellite loci was used in a second global 

assessment (Schmidt et al., 2009). Once again, a severe limitation on the study 

was a general lack of sample size with 68 individuals from 10 locations, broadly 

grouped into Atlantic, Indian, and Pacific Ocean groups. Although the results 

suggest a single global population, results are presented with caution due to the 

low sample size. With continued sampling, the authors suspected that more 

differentiation between the Indo-Pacific and Atlantic would arise (Schmidt et al., 

2009). Another global assessment was performed using both microsatellite and 

mitochondrial markers, which included over 600 individuals, sourced from nine 

locations (including samples from the Red Sea) spanning multiple ocean basins 

(Vignaud et al., 2014). This study confirmed what results from the earlier 

mitochondrial, and microsatellite results suggested: that there are two global 

populations (Castro et al., 2007; Schmidt et al., 2009; Vignaud et al., 2014). High 

genetic structure was found between Atlantic and Indo-Pacific individuals, 

which suggests that if there is mixing between the populations, it is not enough to 

counteract the ongoing genetic drift. There is also evidence for a historic 

population expansion, which may be in the process of being reversed by a 
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recent decline in genetic diversity over six years at Ningaloo Reef, Western 

Australia (Vignaud et al., 2014). 

In addition to these studies, two additional works contributing more 

control region sequences have been published. The first uses invertebrate-

derived DNA (iDNA), which was extracted from Pandarus rhincodonicus, a 

commensal (possibly parasitic) copepod found on whale sharks (Meekan et al., 

2017). This methodology is minimally invasive and could lead to an increased 

ability to garner genetic samples from locations where traditional biopsy 

methods are not permitted. Whale shark control region sequences could be 

sequenced from the copepods. Although global population structure results 

echoed those of earlier studies, 27 new sequences from understudied regions like 

Mozambique and the Seychelles were obtained (Meekan et al., 2017). Finally, a 

more recent study re-estimated genetic population structure with 28 new 

sequences from Japan (Yagishita et al., 2020). Once again, these results showed 

significant differences between the Atlantic and Indo-Pacific. Additionally, this 

study suggested potential structure within the Indo-Pacific, although differences 

were only significant before Bonferroni corrections (Yagishita et al., 2020).  

The usefulness of environmental DNA (eDNA) studies for whale sharks has 

also been tested at the Qatari whale shark aggregation. This study recovered 

similar haplotype frequencies between tissue samples from free-swimming sharks 

and eDNA samples, strengthening eDNA's potential to be used for future 

population genetic studies (Sigsgaard et al., 2016). Additionally, the study reliably 

placed the Qatari aggregation within a global context, showing that individuals 



26 
 

sampled there were not significantly different from sequences obtained from 

other locations within the Indo-Pacific. There was a significant difference 

between individuals sampled in Qatar and the publicly available genetic 

sequences from Atlantic sharks. Furthermore, the study also compared the 

concentration of mackerel tuna eDNA to that of whale sharks in the region 

because the spawning of tuna is the predictable food pulse that appears to 

draw sharks to the region. In general low concentrations of mackerel tuna eDNA 

correlated with no or few whale shark observations, while high concentrations 

correlated with areas where sharks were observed (Sigsgaard et al., 2016). 

 In 2017, Read et al. published a draft genome for the whale shark, the 

data for which is freely available online. This publication created a unique 

resource that researchers can access and begin to ask more in-depth questions 

about whale shark gene function. Previous to this, a full nuclear genome of only 

one other cartilaginous fish was available from a chimera, the elephant shark, 

Callorhinchus milii (Venkatesh et al., 2014). Chimeras, also known as ratfishes or 

ghost sharks, are part of class Chondrichthyes, which is divided into two 

subclasses Elasmobranchii (sharks, skates, and rays) and Holocephali (chimeras). 

Due to the small genome size of C. milii, about 1.0 gigabase, it is considered the 

genome model for chondrichthyans (Venkatesh et al., 2014). However, the 

holocephalans have morphological differences from elasmobranchs, and the 

genome is the slowest evolving of all vertebrates (Venkatesh et al., 2014). Since 

the whale shark genome draft was published in 2017, a few studies have been 

published utilizing it as a resource for comparisons with other species' genomes or 
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to directly investigate a specific evolutionary question (Fasick et al., 2019; Hara et 

al., 2018; Marra et al., 2018; Tan et al., 2019). One study reassembled the original 

draft genome (Hara et al., 2018), while another sequenced and assembled a 

second whale shark genome (Weber et al., 2020). Genomes for other shark 

species, including the white shark (Carcharodon carcharias) (Marra et al., 2018), 

brown-banded bamboo shark (Chiloscyllium punctatum), and cloudy catshark 

(Scyliorhinus torazame) (Hara et al., 2018), have become available, allowing for 

comparisons to be made to more evolutionarily similar species, not just C. milii. 

Continuing to add to this resource can help uncover biological and gene 

functions and contribute to a better understanding of the population 

connectivity of whale sharks. 

1.4 TRACKING & HABITAT USE  

Various forms of telemetry have been widely used to better understand 

whale shark behaviors both within and beyond specific aggregation sites. The 

specific methods have different strengths and are chosen depending on the 

goals of the study. Additionally, using GIS (global information systems) can further 

determine which areas are most highly used within aggregation locations. This 

information, combined with oceanographic data, can make it possible to model 

other sites that may attract whale sharks. A combination of these methods can 

begin to explain where sharks are going and why they may be going there. 

1.4.1 ACOUSTIC TAGGING 

There are generally two types of acoustic tagging telemetry study: passive 

acoustic monitoring and active tracking. Active tracking involves fitting an 
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animal with an acoustic transmitter and following it using a hydrophone. These 

studies are typically short term (hours to days) but can resolve fine-scale animal 

movement (tracked over <20kms). For instance, a study off the coast of Western 

Australia at Ningaloo Reef actively tracked three whale sharks for 4-26 hours 

(Gunn et al., 1999). The study produced four tracks (one shark was relocated the 

day after its initial track and followed for an additional 14 hours), which showed 

that the sharks spent 17% of their time at the surface during daylight hours, 

performing multiple dives throughout the day presumably foraging. At night, 

tracked sharks' behaviors varied, with sharks spending more time at or near the 

surface than during the day (Gunn et al., 1999). At the time, this provided 

relatively accurate tracks of these sharks' movements but can only begin to 

explain some of their behavior at the aggregation. Additionally, the effect of 

following the sharks for an extended period with the boat was unknown. A 

distance of 200-500m was kept throughout the study; however, engine noise 

could have altered shark behavior (Gunn et al., 1999). 

Passive acoustic tagging studies, on the other hand, allow for extended 

monitoring periods. These studies utilize tags that "ping" less frequently (with 

longer battery life than active tracking tags) and can be detected by networks 

of listening stations deployed throughout an area of interest. These acoustic 

receivers can decode and identify individual tags, allowing multiple animals to 

be detected within the array. Within an array, the position, number, and 

detection range of the deployed receivers determines what questions can be 

addressed. This tag monitoring method is commonly used to determine presence 
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and absence at a location. This is particularly useful to confirm or refute 

suspected seasonality of a whale shark aggregation. Visual census data is 

traditionally used to determine seasonality; however, this is dependent on sharks 

being at the surface where they can easily be observed. Additionally, these 

records are only available if researchers or tourism trips are actively looking for 

sharks, which occurs almost exclusively during daylight hours. Passive acoustic 

monitoring is mostly unaffected by these biases and can provide a sightings 

independent method to analyze an aggregation's seasonality.  

Extensive acoustic arrays not only provide baseline seasonality and 

movement data but can also highlight high use areas and essential habitats 

within an aggregation location. These projects can be far-reaching and 

collaborative, as most acoustic studies on various species utilize equipment from 

the same company (Innovasea, formerly VEMCO). When multiple arrays are 

geographically close to each other, it is possible that animals tagged at one site 

could be detected in another array. These movements can only be analyzed if 

researchers from both studies are willing to share data. To that end, several 

large-scale acoustic networks have been established to facilitate these types of 

collaborations (e.g., The FACT Network see Young et al., 2020).  

In whale sharks, the first published passive acoustic study was conducted 

at Mafia Island, Tanzania. Acoustic monitoring results showed that sharks were 

present within the array year-round despite seasonal disappearances from 

sighting records (Cagua et al., 2015). A closer analysis of the acoustic data 

revealed that the sharks moved slightly further from shore and spent less time at 
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the surface during periods of apparent absence (Cagua et al., 2015). These 

findings were also supported by a more recent publication that examined five 

years of data from Mafia Island. Individual sharks were found to be highly 

residential over multiple years, and the relatively small activity space of the 

sharks predictably shifted seasonally (Rohner et al., 2020). Another study, based 

in Ningaloo, Western Australia, used an extensive network of acoustic receivers 

to determine if whale sharks in that region were also cryptic residents. Although 

some individuals were absent from the array for extended periods, sharks were 

detected by the Ningaloo receiver array throughout the year (Norman et al., 

2017b). Sharks were not continuously detected within the array; however, 

restrictions on the range of receivers and tag shedding by sharks could 

potentially explain some of these gaps (Norman et al., 2017b). 

In contrast to the cryptic residency shown for Mafia and Ningaloo, 

acoustic monitoring in the Saudi Arabian Red Sea showed clear seasonal 

patterns that roughly aligned with sighting records (Cochran et al., 2019). 

Another interesting aspect of this study was the long-term site fidelity, and tag 

retention exhibited by some sharks (Cochran et al., 2019), including two sharks 

detected more than seven years after their initial tagging (pers. observation). 

Importantly Cochran et al. (2019) also indicated the need to standardize the 

residency indices used in whale shark passive acoustic studies to make direct 

comparisons possible. Similarly, tagged sharks at Al Shaheen in Qatar were also 

seasonal, with 99% of detections occurring between April and September (Bach 

et al., 2016). In this case, the seasonality observed by sightings data was 
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confirmed by the acoustic detections. However, tag retention in this study was 

relatively low, with the larger sharks appearing to shed tags within one to two 

years (Bach et al., 2016). Several other studies involving passive acoustic 

monitoring have been proposed or are supposedly in progress in the western 

Atlantic Ocean. However, to this date, no information from these efforts has 

been made public. As previously mentioned, collaborative efforts and willingness 

to join extensive networks can greatly benefit studies of this kind. 

1.4.2 SATELLITE TAGGING  

Acoustic telemetry is a low-cost option for tracking and monitoring 

tagged animals within specific sites, but different technologies are needed to 

study long-distance migrations. Satellite telemetry can provide valuable 

information about where sharks move after leaving the immediate aggregation 

area, although these tags are generally more expensive. However, following 

photo-identification and population demographic studies, satellite tags are 

possibly the most common methodology employed at whale shark aggregations 

worldwide. Many of these tags can also collect and archive environmental data 

on depth and water temperature along with geopositioning estimates. These 

data allow researchers to determine a tagged animal's vertical behavior 

patterns and thermal preferences while correlating both with tracked horizontal 

movements.  

One such study from the Arabian Gulf tracked sharks tagged at the 

Qatari aggregation in the Al Shaheen oil field. In this study, 59 tags were 

deployed on sharks from 2011 through 2014, and a general pattern of sharks 
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remaining within the Gulf was seen all years (Robinson et al., 2017). Three 

individuals exhibited large-scale movements, including two that moved through 

the Strait of Hormuz into the Gulf of Oman, and one female shark was tracked to 

waters near Socotra (Robinson et al., 2017). Kernel density was performed for 

winter and summer seasons on the locations transmitted by the tags. Throughout 

the summer, when large numbers of sharks were encountered feeding at Al 

Shaheen, key use areas were almost exclusively limited to this known feeding 

site. Throughout the winter months, the sharks remained within the Gulf but used 

a much wider area. In fact, the study's Kernel density results suggest a secondary 

aggregation on the Saudi Arabian Gulf coast (Robinson et al., 2017).  

In many other cases, sharks appear to leave aggregations and disperse 

into a wider pelagic habitat. A study from Ningaloo reef in Australia showed 

individuals moving throughout the Indian and Timor Seas, with 9 out of the 25 

sharks returning to Ningaloo reef after movements into surrounding waters 

(Reynolds et al., 2017). Dispersal of this kind usually follows sharks through waters 

of multiple jurisdictions, emphasizing the need for international cooperation to 

study and protect this species effectively. Early satellite tagging studies focused 

on showing the traveling capabilities of sharks, with distances of around 13000km 

reached and speeds of 3.9 km/h (Eckert & Stewart, 2001). A more recent study 

corroborated long-distance tracks across the Pacific with a 7m female tracked 

moving 20,142km from Panama to the Mariana Islands (13,819km straight line 

distance) (Guzman et al., 2018).  
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For many studies, understanding why sharks are making particular 

movements such as traveling large distances or making deep dives are a focus. 

Although this aspect may be difficult to understand, early work in Taiwan 

suggested that sharks' movement patterns appeared to be related to boundary 

currents (Hsu et al., 2007). Tagging in the Sea of Cortez in the late 1990s also 

suggested that movement patterns appear to be related to oceanographic 

features like seamounts and boundary currents (Eckert & Stewart, 2001). Both 

studies indicate that these offshore features have higher productivity than 

surrounding waters, potentially attracting whale sharks with increased feeding 

opportunities. Whale shark diving behavior has also been tentatively linked to 

predictable food pulses (Graham et al., 2006). Finally, more recent work along 

the Pacific coast of Mexico showed juvenile sharks (<7m in length) remaining in 

the Gulf of California, while adults (>9m in length) moved offshore into the 

Eastern Pacific (Ramírez-Macías et al., 2017). These movements are most likely 

driven by differences in behavior between juvenile and adult sharks, although 

why this occurs is still poorly understood. However, as new satellite telemetry 

studies are published, and the numbers of tags deployed increases, scientific 

understanding of whale shark movement ecology can only improve. 

1.4.3 SPATIAL ANALYSIS AND HABITAT MODELLING 

The vast majority of sightings data provides presence-only information. 

Although this information is useful in its own right, spatial statistics can parse out 

underlying patterns and quantify what has been observed. Additionally, it can 

provide another layer of analysis when considering tracking and tagging data. 
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Several studies have used this extra analysis to understand whale shark 

movements and preferences in relation to specific oceanographic variables. For 

example, a study from Western Australia used a generalized linear mixed-effects 

model, which showed that the Southern Oscillation Index and wind shear had 

the most support for explaining weekly differences in shark abundance (Sleeman 

et al., 2010). Similar studies, however, can be used to predict potential habitats 

or feeding areas for whale sharks throughout specific regions. 

Modeling potential habitats of species can be challenging, especially 

within the marine environment. A few studies have used both presence-only 

data and positional data from satellite tags to provide the data required to 

contribute to these types of models. One of these models was used during the 

Deepwater Horizon Oil Spill in the Gulf of Mexico. Whale sharks are known to 

occur throughout the US coastal waters in the Gulf of Mexico (Hoffmayer et al., 

2005), which hosts over 4000 oil rigs creating an extensive artificial reef system 

(Franks, 2000). McKinney et al., (2012), used presence-only data in the form of 

sightings throughout the northern Gulf of Mexico to identify areas where large 

numbers of sharks were previously sighted. Following that, various environmental 

parameters and information, like distances from the continental shelf and nearby 

oil rigs, were considered for inclusion in niche models. All of the selected 

variables served as proxies for food availability or were environmental habitats 

associated with whale sharks described in the primary literature (McKinney et al., 

2012). Following the determination of variables, the presence data was then 

analyzed in two different models to determine what portions of the northern Gulf 
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of Mexico may make up essential whale shark feeding habitat. In this study, only 

3% of the northern Gulf of Mexico was predicted to be suitable habitat, with the 

variables most strongly related to whale shark sightings determined to be: 

distance to the continental shelf edge, distance to adjacent petroleum 

platforms, and chlorophyll-a (McKinney et al., 2012). A future direction of this 

work was the hope to test these parameters on other aggregations throughout 

the whale shark's range to develop a global habitat suitability index (McKinney 

et al., 2012). 

Another study used whale shark presence data in association with tuna 

purse-seine fisheries over 31 years in the Atlantic, 17 years in the Indian, and 11 

years in the Pacific Ocean (Sequeira et al., 2014). In this study, an environmental 

dataset of 6 physical variables was chosen, including those that would most likely 

relate to areas of high productivity and, therefore, food availability. Generalized 

linear mixed-effects models were first used to determine which areas covered by 

purse-seine fisheries were the most suitable and during what time of year. The 

coast of Africa near Ghana and Cape Verde were determined to be suitable 

from July through September. East Africa, especially the Mozambique Channel, 

was suitable from April through June, and the Western Pacific was suitable from 

January through March (Sequeira et al., 2014). This data was then used to help 

inform a predictive model that shows habitat suitability seasonally globally. In 

addition, a projection of suitability in 2070 was modeled to predict possible 

changes of whale shark ranges from impacts such as climate change. 
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Several studies using satellite tags also attempt to understand what 

parameters affect whale shark movements throughout the open ocean. 

However, some are limited by the quality of the satellite tag tracks and the scale 

of the available oceanographic data. One example of this is a study that 

models essential whale shark habitat along the western coast of Australia to 

determine how much is covered by the extensive network of marine protected 

areas in the region. To accomplish this, Reynolds et al. (2017) used physical and 

environmental data matched to locations of detections and along simulated 

tracks. The non-linear model showed a preference for shallow, coastal waters 

with 56% of detections from areas with coastal depths of <200m. The preference 

was even stronger during the season of March-July when the amount of time 

spent in coastal waters increased to 70% (Reynolds et al., 2017). In addition to 

depth preferences, warmer sea surface temperature and moderate chlorophyll 

concentrations preferences were discussed. Few high chlorophyll concentrations 

were recorded, and 72% of detections were in water temps of 23-28°C. Use of 

marine parks outside of Ningaloo was low, with 5 out of the 15 possible MPAs 

having just 3% of all detections. These data were then used to model suitable 

habitats, which were determined to be the shelf waters of Western Australia's 

coast and the majority of Indonesian coastal waters in the Timor Sea (Reynolds et 

al., 2017). 

1.5 RED SEA WHALE SHARKS 

The earliest scientific report of whale sharks in the Red Sea stems from the 

work of Dr. Eugene Gudger, who in 1938 and 1940 published records of whale 
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sharks found impaled on the bows of steamships. The four records from this 

region spanned from 1933 to 1937, with two of the strikes being from within the 

Red Sea. One of the other strikes recorded for the region was directly outside the 

strait of Bab al Mandab, while the other is just north of the Yemeni Island of 

Socotra (Gudger, 1938, 1940). From his work, Gudger concluded, "Whale sharks 

must surely abound in this region" (Gudger, 1938). Despite Gudger's 

proclamation, encounters with whale sharks remained sporadic until the 

discovery of a juvenile aggregation just outside of the Red Sea in the Gulf of 

Tadjoura, Djibouti (Rowat et al., 2007). Until recently, Red Sea marine science 

was relatively limited and largely confined to the Gulf of Aqaba (Berumen et al., 

2013). The study of sharks, including whale sharks, was no exception (Spaet et al., 

2012). 

The discovery of an aggregation at Shib Habil, a reef along the coast of 

the Kingdom of Saudi Arabia (KSA), has allowed researchers to conduct formal 

studies on Red Sea whale sharks for the first time (Berumen et al., 2014). Photo-

identification efforts described the population structure at Shib Habil using the 

136 individuals identified from 305 encounters during the 2010-2015 seasons. The 

aggregation appears to be at sexual parity, attracting roughly equal numbers of 

male and female sharks. However, all individuals were immature based on size 

estimate and male clasper morphology (Cochran et al., 2016). When multiple 

population models were considered, the best fit was an open population model 

with daily abundances of 15 to 34 individuals and residence time of 4 to 44 days 

(Cochran et al., 2016). Through the use of Wildbook for Whale Sharks, an online 
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photo-id database, crossover was found between the Djibouti aggregation and 

Shib Habil aggregation (Norman et al., 2017a). However, this global study 

included sharks throughout the Red Sea from 1997-2014, limiting it to 399 

encounters for the region and 57 individuals identified, the majority of which 

were not from the aggregation site at Shib Habil. An individual four meter female 

shark (R-039) was identified as being sighted at both the Djibouti and Shib Habil 

aggregations (Norman et al., 2017a). Unfortunately, there are currently no 

concentrated efforts to study whale sharks at any other location within the Red 

Sea, which makes understanding connections within the region difficult. 

This early evidence of movements between sites determined by photo-IDs 

is not entirely surprising, because satellite tracks from Red Sea sharks showed that 

these movements occur. An extensive study, which reported 47 tracks of whale 

sharks initially tagged at or near Shib Habil, showed sharks moving throughout 

the Red Sea and utilizing a variety of habitats (Berumen et al., 2014). Out of the 

47 tracks, 39 individuals made basin-scale movements throughout the southern 

Red Sea (Berumen et al., 2014). The southern Red Sea has also been mentioned, 

in a conference abstract, as a destination for whale sharks satellite-tagged in the 

Gulf of Tadjoura, Djibouti, with two out of the three sharks returning to Djibouti in 

subsequent years (Rowat et al., 2016). However, only one satellite tag track from 

that aggregation has been published, and it shows the short-term movements of 

a single individual around the Gulf of Tadjoura (Rowat et al., 2007).  

Habitat utilization distribution of sharks tagged at Shib Habil also showed a 

strong preference for the southern Red Sea (Berumen et al., 2014). Seasonal 
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variation was present, with sharks tagged in the spring utilizing habitat in the 

coastal Al Lith area and adjacent waters offshore. High areas of use shift to the 

south-central and deep south Red Sea during the summer, fall, and into the 

winter months (Berumen et al., 2014). These high use areas include waters of 

multiple countries, including KSA, Sudan, Yemen, and Eritrea, with Egyptian 

waters used in a limited capacity by tagged sharks. 

When research methods were combined for Shib Habil sharks (satellite 

tags, passive acoustic tag monitoring, and photo-identification), a 

comprehensive outlook on how sharks are potentially utilizing the area could be 

determined. As previously mentioned, acoustic detections corroborated what 

sightings had implied, a highly seasonal aggregation with the highest sightings 

and detections during March, April, and May (Cochran et al., 2019). However, 

the addition of satellite data (Berumen et al., 2014) showed that 17 sharks 

monitored through multiple methods returned to Shib Habil, two of those 

individuals returning within the same year (Cochran et al., 2019). The remaining 

15 individuals performed interannual homing migrations returning to Shib Habil 

and in some cases returning in multiple subsequent seasons. Cochran et al. 

(2019) suggest that Shib Habil may serve as a staging area for juvenile whale 

sharks in the region. While the site has some hallmarks of a nursery area, the lack 

of neonate whale shark observations in the area precludes its inclusion as a shark 

nursery.  

Five sharks tagged at Shib Habil moved into the Gulf of Aden and the 

northern Indian Ocean (Berumen et al., 2014). Ongoing visual census surveys and 
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acoustic monitoring of the aggregation have not detected any of these sharks 

returning to the Shib Habil aggregation after exiting the Red Sea (Cochran et al., 

2019). The long-distance tracks recorded from both the Red Sea (Berumen et al., 

2014) and Arabian Gulf (Robinson et al., 2017) suggest the potential for 

connectivity of whale sharks from aggregations throughout the Arabian Seas 

region. Within the Red Sea, most tracked sharks moved throughout the southern 

waters between KSA/Yemen in the east and Eritrea/Sudan in the west. Three 

sharks moved into the northern Red Sea, as far as Sharm el-Sheikh, Egypt 

(Berumen et al., 2014). Raitsos et al. (2013) describe a gradient of productivity in 

the Red Sea, with higher concentrations in the south than in the north, which is 

most likely a factor influencing whale shark movement patterns in the region. 

At present, limited data is available on potential food sources whale 

sharks at Shib Habil may be targeting. Due to multi-species coral spawning within 

the Red Sea occurring during the full moon in April through July (Bouwmeester et 

al., 2011, 2015), Berumen et al. (2014) suggested the possibility of this increase in 

productivity drawing whale sharks to the region. Additionally, plankton tows 

collected next to feeding sharks during daylight hours have usually resulted in 

monocultures of various planktonic crustaceans, including sergestid shrimp 

(Lucifer hanseni) (pers. observation), copepods (Acartia spp.)(pers. observation), 

and crab larvae (A Kattan, pers. communication). These limited results suggest 

that whale sharks at Shib Habil most likely do not target specific taxa but rather 

target dense patches of prey without particular preferences. This has also been 

described in Rohner et al. (2015) from the Mafia Island, Tanzania aggregation. 
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Distinct behavioral observations, including feeding and transiting/subsurface 

swimming (a non-feeding behavior), were recorded at the Shib Habil 

aggregation from 2016-2019. Throughout these seasons, 80% of the 87 

encounters were sharks feeding either at or below the surface (Figure 1.1; pers. 

observation). Although not recorded in detail, these behavioral observations are 

similar to those throughout other years of study as well. Therefore, it is most likely 

that Shib Habil hosts a feeding aggregation, especially considering that the 

sharks are immature, based on size and clasper morphology in males, so 

breeding is unlikely (Cochran et al., 2016). However, it is not clear what may 

influence the high densities of prey whale sharks feed on in the area or how the 

whale sharks locate these prey patches. 

Understanding the dynamics of and factors influencing the whale sharks 

that aggregate at Shib Habil should remain a goal as anthropogenic impacts 

within the region continue to increase. Shib Habil is located near the coastal city 

Figure 1.1: Observed whale shark behaviors from 2016-2019 seasons at 
Shib Habil. Percent of encounters with sharks feeding in pink, transiting 
or swimming subsurface yellow, and for which there is no record of 
behavior grey.  
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of Al Lith and both the local port and the coast guard station that all boats must 

pass by before going out to sea and upon their return. Like most of the country, 

the fishing fleet in Al Lith is dominated by artisanal fishers using hand lines. 

However, one shark within the study population was accidentally captured in a 

gill net and died in 2011(Cochran et al., 2016). Although it appears that bycatch 

in this form is rare, the reef's nearshore location and proximity to the local port do 

put the sharks at risk from outboard motor strikes. Cochran et al. (2016) reported 

scarring on approximately half of all sharks encountered, with 15% of the scars 

being apparent propeller trauma. 

KSA's Vision 2030, the nation's goals and plans for economic development 

over the next decade, has the potential to influence the Red Sea as a whole 

and the immediate Al Lith region. One goal of Vision 2030 is an increased tourism 

sector. Access to the aggregation site is currently limited, despite the reef's 

proximity to shore because there is one dive operator in Al Lith with a limited 

number of vessels. However, in addition to the whale shark aggregation, the Al 

Lith region also hosts reef mantas, sea turtle nesting habitats, and provides 

access to popular dive sites in the northern Farasan Banks. The megafauna and 

reefs could all be of interest to divers and other tourists visiting KSA, potentially 

increasing boat traffic and other human impacts in the area.  

Another component of Vision 2030 includes large scale increases in 

aquaculture production, although, at this time, it is not explicitly stated where this 

will occur. Shib Habil is located near the discharge canal of an existing prawn 

farm (the nation's largest), part of the National Aquaculture Group (NAQUA). It 
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does not appear that the outflow from the prawn farm affects the whale shark 

aggregation at Shib Habil, with Hozumi et al. 2018 showing no changes in the 

discharge plume that would affect productivity at the reef. Additionally, the 

prawn farm was established before the study of the aggregation began, making 

an understanding of potential impacts difficult. NAQUA has also introduced 

several sets of open-ocean fish cages growing barramundi (Lates calcarifer) 

approximately 15km north of Shib Habil over the last five years. The full effect of 

these fish cages remains to be seen as the addition is recent, and the increase 

has been gradual. A study around fish cages within the Mediterranean found 

higher zooplankton productivity near two fish farms (Fernandez-Jover et al., 

2016). With some of the zooplankton groups found in much higher densities 

serving as known whale shark food sources. There may be a chance of similar 

effects in Al Lith, which cannot be determined without more in-depth study.  

With these ongoing changes in mind, it is essential that a baseline 

understanding of how whale sharks currently use the area with, in this case, 

"minimal" impacts is established. This will allow future studies to monitor if tourism 

increases and aquaculture infrastructure development have negative effects on 

the whale shark population within the region. 

1.6 OBJECTIVES 

Although various aspects of whale shark ecology at the Shib Habil 

aggregation have been successfully described and studied, there is still much to 

be learned, particularly about the whale shark population in the rest of the Red 

Sea. I will discuss the Red Sea whale shark population at three different scales 
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throughout the next three chapters. Chapter 2 will describe a sudden decline in 

sightings at the Shib Habil whale shark aggregation and discuss the potential 

reasons for this occurrence. In addition, I will examine if this sudden change in 

demographics affects the population model that was previously evaluated for 

this aggregation. In Chapter 3, a Red Sea basin-scale approach will be taken 

utilizing citizen science-based photo-identification to look for connections within 

the basin and produce a population model for the rest of the Red Sea whale 

shark population. This analysis will enable the identification of other potential 

whale shark hotspots and facilitate an understanding of the demographics of 

the Red Sea whale shark population beyond the aggregation at Shib Habil. 

Further, this population will be examined for potential effects during the seasons 

with decreased sightings at Shib Habil. Finally, in Chapter 4, I will build upon the 

microsatellite data that I analyzed in my MSc thesis (Hardenstine, 2015), 

comparing ecologically distinct whale shark populations in the Red Sea and 

Tanzania. I will use the whale shark mitochondrial control region to understand 

the genetic connectivity of the Red Sea whale shark population to the rest of the 

Indo-Pacific. In addition, seasonal trends in genetic diversity will be analyzed, 

and population changes over time will be discussed.  

The information gained from these chapters will provide a better 

understanding of Red Sea whale shark population dynamics and connections to 

the broader Indo-Pacific. This work will shed light on areas that require further 

investigation and highlight conservation concerns for this endangered species. 
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CHAPTER 2: A DRAMATIC DECLINE IN WHALE SHARK SIGHTINGS AT A SEASONAL 
AGGREGATION AT SHIB HABIL, SAUDI ARABIA 

 

2.1 INTRODUCTION 

As introduced in Chapter 1, the discovery of whale shark aggregations 

throughout the global oceans has stimulated more concentrated research 

efforts, particularly because these locations sharks can be reliably found 

seasonally (Rowat & Brooks, 2012). One of these aggregations occurs in the 

south-central Red Sea at Shib Habil, a submerged reef platform near the Saudi 

Arabian coastal town of Al Lith (Figure 2.1). The discovery of this aggregation site 

in 2009 led to the initiation of a long-term monitoring project focused on the 

whale sharks in this region. Former studies utilizing multiple monitoring methods 

have enabled a better understanding of the whale shark population present at 

Shib Habil. Satellite tagging efforts showed the movements of whale sharks 

throughout, primarily, the southern Red Sea after leaving the aggregation site 

(Berumen et al., 2014). This work also established that a juvenile whale shark 

population with sexual parity was utilizing the nearshore reef during March, April, 

and May. Photo-identification and population modeling efforts emphasized the 

lack of sexual segregation at the aggregation (uniquely including equal numbers 

of both sexes), showed the aggregation seasonality, and described an open 

population with significant immigration, emigration, and mortality (Cochran et 

al., 2016). Fine-scale movement analyses showed evidence of long-shore 

movements, and bio-loggers showed distinct diel patterns in depth use (Sun, 

2016). These data suggest that whale sharks may forage on a food-source at 

depth, in addition to actively feeding at the surface. Hozumi et al. 2018 
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investigated the potential of a subsurface food-pulse corresponding with the 

presence of whale sharks; however, acoustic profiles did not support this 

hypothesis. Finally, a multi-method approach, including passive monitoring of 

acoustic tags, satellite data, and sightings data to show 15 annual homing-

migrations (Cochran et al., 2019). In addition, the use of acoustic tags further 

confirmed the aggregation's seasonality established in the previous two studies. 

These studies all utilized data through 2016 for their analyses and provided an 

understanding of whale shark movement ecology throughout the Red Sea and 

population demographics of the Shib Habil aggregation.  

 

Figure 2.1: A Red Sea with benthic data, small black box indicates the location 
of Shib Habil along the Saudi Arabian coast. B Whale shark aggregation site, 
Shib Habil, a submerged reef platform, near the coastal city of Al Lith.  
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During the boreal spring months of 2017, usual survey and tourism efforts 

focused on the Shib Habil whale shark season were undertaken. However, only 

two sharks were encountered from March through May. This dramatic decline in 

sightings caused understandable alarm. Upon discussing this with other 

researchers, whether whale shark experts or not, one of the first questions was, is 

the Red Sea whale shark population in trouble? A second season of decreased 

sightings, only five encounters with sharks in 2018, continued to raise these 

questions and speculation that maybe the aggregation was no longer 

occurring. However, during the 2019 season, a total of 15 sharks were sighted, 

including 27 encounters with multiple sharks aggregating in the same area. This 

return to the previous baseline was undoubtedly a relief. Unfortunately, no survey 

effort could be undertaken in 2020 due to COVID-19 related travel restrictions. It 

is, therefore, unknown if whale sharks were present at Shib Habil during the 2020 

season.  

At other sites where declines in whale shark sightings have been reported, 

proximity to historic or ongoing whale shark fisheries has been proposed as a 

potential cause (Bradshaw et al., 2008; Theberge & Dearden, 2006). Whale sharks 

may also be at increased risk of becoming bycatch (a species unintentionally 

caught while another species is targeted) in areas where aggregations sites 

overlap with existing fisheries (Rohner et al., 2013). Localized declines in whale 

shark sightings have also been tentatively linked to oceanographic processes 

such as El Nino Southern Oscillation (Sleeman et al., 2010; Theberge & Dearden, 

2006) or local eddy dynamics (Rohner et al., 2013). Finally, a previous study also 
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proposed an extreme weather event as a factor influencing prey availability, 

leading to decreased sightings of whale sharks (Araujo et al., 2017).  

From these previous studies and discussion with experts, several 

hypotheses as to why there was a decline in sightings at Shib Habil during the 

2017 and 2018 seasons can be proposed. The first being the potential influences 

of overfishing or bycatch on whale sharks sighted at the Shib Habil aggregation. 

The second is anomalous environmental conditions in the Al Lith region 

influencing shark presence. Another hypothesis is that local changes in prey 

availability may have caused Shib Habil to be unfavorable foraging grounds. 

Additionally, individual shark’s behavioral phenotype may have influenced 

presence or absence at the aggregation site during 2017 and 2018. It has also 

been proposed that because the aggregation is made up of juveniles, a cohort 

shift may have occurred with individuals maturing, not returning to the site, and 

being replaced by new, smaller sharks. Whale sharks could have also 

aggregated before or after the season (March, April, and May) when dedicated 

visual census effort is not undertaken. Finally, there may have been a spatial shift 

in habitat use, with sharks using deeper or offshore waters, areas that are not 

surveyed. This would reduce sightings at the reef but not indicate an overall 

population decline. Some of these hypotheses can be analyzed and discussed 

with existing data, while others are more difficult to prove or refute. 

In this chapter, I will describe the decline in sighting at Shib Habil during 

the 2017 and 2018 seasons, and discuss the return to, almost, normalcy in the 

2019 season. I will use the available data and previous studies to discuss the 
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hypothesized causes of reduced sightings. In addition, I will examine remote 

sensing data to see if basic environmental parameters could be used to explain 

why whale sharks were not present at Shib Habil during those two years. I will also 

reanalyze the previously constructed population model (2010-2015) inclusive of 

2016-2019 data to understand further if the population estimate changed from 

the previous analysis. Finally, additional information on scarring rates will be 

included to provide a full dataset that can be compared to other scarring 

studies globally (as suggested in Lester et al., 2020). These data will be used in 

context to describe the threats to whale sharks at Shib Habil and the region 

immediately surrounding Al Lith. 

2.2 METHODS 

2.2.1 VISUAL CENSUS SURVEYS 

Visual census was undertaken by researchers on a vessel, searching the 

area around Shib Habil, looking for signs of sharks at or near the surface. Surveys 

were also taken in association with ecotourism trips for several years to gain 

additional boat time. During the 2011-2019 seasons, researchers recorded the 

start and end time of surveying efforts around the reef. Sharks were sighted by 

portions of their mouth, dorsal fin, or caudal fin breaking the surface of the water 

(Figure 2.2A). Occasionally, sharks were also sighted feeding alongside yellow-tail 

scad (Atule mate) (Berumen et al., 2014), therefore if schools of fish were seen at 

the surface, researchers would stop to observe the school for sharks before 

moving on (Figure 2.2B). Once a shark was sighted, basic data such as time, 

location (waypoint taken on a GPS), and behavior were noted when possible. 
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Shark total length was estimated to the nearest 0.5 m by experienced 

researchers, and if snorkelers or the boat were nearby, they were used as a size 

reference to help more accurately estimate shark length. Additionally, any 

observations of other associated fauna would be recorded, and any reaction of 

the sharks to the research vessel or tourism boats was noted.  

 

During the 2019 season, visual census was aided through the use of drones 

for aerial surveys. A DJI Phantom 4 drone was programmed to fly randomized 

transect blocks around Shib Habil at an altitude of 100m. The drone pilot would 

serve as an observer, watching the video feed from the drone, pausing the 

transect progress when a potential organism of interest was spotted. Other 

megafauna were noted, and even marine turtles could be sighted at 100m, 

providing confidence that whale sharks could be spotted. When whale sharks 

were spotted, the survey transect was abandoned, and the drone was focused 

on the shark while the boat was positioned to allow researchers to interact with 

the shark. While the boat was maneuvered, video footage of the shark was 

taken to observe behavior before interaction, and in some cases, following in situ 

Figure 2.2: A Whale shark feeding at the surface with mouth and dorsal fin exposed. B School of 
yellow-tail scad at the surface feeding with whale shark following (dorsal and caudal fin visible). 
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data collection from the shark, the drone was re-deployed to record additional 

behavioral observations. 

2.2.2 SIGHTINGS PER UNIT EFFORT  

Sightings per unit effort (SPUE) was calculated for seasons where effort 

data was available, 2011-2019. SPUE serves as a method to normalize sightings 

data for effort. In this study, sightings were normalized using the number of hours 

spent searching for sharks. This is especially important when comparing seasons 

that have different amounts of time spent searching on the water and varying 

numbers of sightings. Additionally, SPUE can be used to more accurately portray 

seasons with high and low numbers of sightings, based on how much effort 

(number of hours) was put into locating sharks. This analysis was also expanded 

to include the number of hours spent searching for sharks monthly each season 

in order to better understand sightings trends at the aggregation throughout the 

season. Any sharks that were only sighted on the drone surveys (researchers did 

not get in the water with them) were not included in this analysis. 

2.2.3 PHOTO IDENTIFICATION & POPULATION MODELING 

After encountering a shark, when possible, the boat would carefully 

approach the shark and researchers would gently enter the water with cameras. 

Photos of both the left and right sides, behind the fifth gill slit and above the 

pectoral fin, were taken to identify individuals (Figure 2.3). This area of the shark’s 

body has a unique patterns that allow for identification (Arzoumanian et al., 

2005). 
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Additionally, photos of the 

pelvic fin area were taken to 

determine the sex of the sharks. 

Trained observers would 

report/record sex in case photos 

were not clear enough for 

determination. Sex was determined 

by the presence or absence of 

claspers. Size estimates could be 

used to determine maturity and, in males, clasper morphology. Tags or 

noticeable scarring were photographed to aid in future identification. Photos 

were then analyzed using the Interactive Individual Identification System (I3S) 

(Van Tienhoven et al., 2007), with matches being confirmed by at least two 

independent researchers. Encounter photos and associated metadata were 

uploaded to Wildbook for Whale Sharks, an online international photo-

identification database (whaleshark.org), to search for matches with previously 

identified sharks in the Red Sea and Gulf of Aden. Additional photos for these 

analyses were kindly provided by members of whale shark tourism trips (Red Sea 

Safaris) and members of the KAUST community.  

For some sharks, only left side or right side photos were available, to avoid 

double-counting a shark for which only one side has been photographed, 

potentially being photographed only on the other side at a later date, one side 

must be filtered out of the dataset. Cochran et al., 2016, utilized sharks for which 

Figure 2.3: Right side of a whale shark. Black 
box highlights the area used for photo 
identification. 
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only right side photos were recorded, and sharks for which there were only left 

side photos were removed from the analysis. However, for this study, left-side only 

sharks were kept for analyses. This decision was made to make the data 

comparable to encounter data from Wildbook for Whale Sharks, which only 

identifies sharks with left-side photos or photos of both sides from the same 

encounter while keeping sharks with right-side photos only unassigned.  

SOCPROG 2.5 software (http://myweb.dal.ca/hwhitehe/social.htm/; 

Whitehead, 2009) was used to calculate a lagged identification rate, fit models, 

and compare the models for best fit. Lagged identification rate (LIR) is the 

probability of re-identifying an individual shark after a given time lag from the 

initial encounter (Whitehead, 2001). Using the capture history from the sharks 

used in photo-ID analyses, an LIR was calculated for the Shib Habil aggregation. 

Following this, eight models (A, B, C, D, E, F, G, H) ranging from a closed to open 

population were fitted to the LIR. The models from A-H are in structurally identical 

pairs that are parameterized differently as follows: A&B (closed), C&D 

(emigration and mortality), E&F (emigration and re-immigration), and G&H 

(emigration + re-immigration + mortality). While the paired models consider the 

same components (i.e., emigration, re-immigration, and mortality), the 

underlying calculations between the pairs differ. These model results were 

compared using the Akaike information criterion (AIC) or the quasi-variant 

Akaike information criterion (QAIC) depending on if the data were over-

dispersed (Whitehead, 2007). The most parsimonious model was selected and 

then bootstrapped 100 times and used to calculate parameters with 95% 
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confidence intervals (Whitehead, 2007). The LIR calculations were performed for 

several steps of data, 2010-2016, 2010-2017, 2010-2018, and 2010-2019. 

The use of LIR to estimate the abundance and residency patterns of 

whale sharks has been used in many previous studies (Araujo et al., 2014, 2017; 

Cochran et al., 2016; Fox et al., 2013; Mckinney et al., 2017; Prebble et al., 2018; 

Ramírez-Macías et al., 2012; Robinson et al., 2016). This analysis lends itself well to 

the seasonal and site-specific phenomena, in addition to cases where it is 

logistically impractical to maintain survey effort year-round or cover a species 

entire range (Whitehead, 2001). Most whale shark sightings data are seasonal or 

opportunistic, making the tests a good match for analyses. 

2.2.4 SCARRING RATES 

The occurrence of scarring on sharks at Shib Habil was recorded using 

both photos of injuries/scars and notes taken while in the field. There were seven 

categories of scarring; examples are shown in Figure 2.4, including A) abrasions, 

B) amputations, C) blunt trauma, D) laceration, E) nicks, F) scrolled/bent fin, and 

G) other. These categorizations were based on Speed et al. 2008, except for 

scrolled/bent fins, which was added for this study. Abrasions and nicks were 

considered minor injuries. The remaining categories were considered major 

injuries, and “other” was determined to be minor/major dependent on the 

severity of the injury. Injuries that were unusual or did not fit into any other 

category were classified as “other,” such as entanglement, large abrasions, 

parasitic copepods, or unidentifiable skin conditions. In addition, the position of 

scarring on the body was recorded, including 1) head, 2) flank, 3) dorsal surface, 



55 
 

4) ventral surface, 5) caudal fin, 6) dorsal fin, and 7) pectoral fin (Boldrocchi et 

al., 2020; Speed et al., 2008). 

 

2.2.5 SPATIAL ANALYSIS 

Coordinates reported with encounters were mapped using ArcGIS Pro 

(Esri) to perform basic spatial analyses. Early work on the spatial data includes 

double-checking the data and ensuring that all of the locations of the sightings 

are logical. Any data points that appeared to be in an odd location were 

checked for transcription error, and the associated metadata was also 

reviewed. If the location could be confirmed based on sightings information, the 

point was kept. Otherwise, coordinates for points were corrected or removed 

from the analysis. Following this, an optimized hot spot analysis was performed, 

Figure 2.4: Examples of scar types for each category: A abrasion, B amputation, C blunt 
trauma, D laceration, E nicks, and F curled/bent fins* (from Speed et al., 2008; *included 
for this study). Category G “other” not included 
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using a 500m hexagon grid. The parameter of 500m was chosen based on 

previous works and because it is similar to the average detection range of the 

acoustic receivers under average conditions (540m, Cagua et al., 2013). Hotspot 

analysis was conducted to determine if chance encounters at mid-shelf reefs 

were outliers or, in this case, cold spots. Following hot spot analysis, mean center 

and directional distribution analyses were performed on data sets that included 

all individuals and both sexes independently. Mean center analysis is the 

average x- and y- coordinate of all of the waypoints within a dataset. Directional 

distribution analysis calculates the standard deviation of the x- and y- 

coordinates from the mean center, which is displayed in the form of a 

deviational ellipse. If there is a directionality to the data, the ellipse will be 

elongated along that axis because the deviational ellipse serves as a way to 

visualize the distribution of points. 

2.2.6 ENVIRONMENTAL ANALYSIS  

Remote sensing sea surface temperature (SST) and chlorophyll-a 

concentration 8-day average data were downloaded from MODIS Aqua 4km 

(Giovanni, NASA GES DISC Acker & Leptoukh, 2007) for the Al Lith region (Figure 

2.5). These values were plotted for January 2008 through January 2020 to 

encompass all seasons the aggregation site has been monitored. The data were 

examined to determine if there were any anomalies from the previous averages 

with these two parameters during the 2017 and 2018 seasons. There were two 

different sized areas for which the data were downloaded, the immediate Shib 

Habil area and a slightly larger area (Figure 2.5B). Although these areas are not 
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actively surveyed for whale sharks, there are occasional encounters within this 

larger area. Additionally, whale sharks are known to travel great distances, so it 

would be probable that they would be utilizing this entire area. The two different 

sizes were chosen because Shib Habil’s proximity to land and frequent cloud 

cover or sandstorms causes chlorophyll-a concentration data to be patchy in 

this area. More in-depth comparisons were made for 2015-2019 (three average 

sightings seasons, two decreased sightings seasons), examining the range of SSTs 

and chlorophyll-a concentrations for each season during March-May (and 

Figure 2.5: A Location and extent of map B highlighted in bold black box. B Al Lith area, with boxes 
indicating the two different sized areas for which remotely sensed sea surface temperature and 
chlorophyll-a data was downloaded. Blue dashed lines highlight the smaller area immediately around 
Shib Habil and pink dashed lines highlight the larger area for which data was downloaded.  
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February-June). A Kruskal-Wallis test (Kruskal & Wallis, 1952) was performed on the 

individual parameters to examine for differences between the seasons.  

2.3 RESULTS 

2.3.1 PHOTO-ID AND DEMOGRAPHICS 

There were a total of 403 encounters with whale sharks reported from Shib 

Habil and surrounding reefs from 2010 through 2019. Three hundred thirty-seven 

of these included photos that could be used for identification and were utilized 

for the population estimates. Twenty-two encounters (6.5% of the 337 identifiable 

encounters) and sharks were filtered out due to having only right-side photos 

available for identification. There were 154 unique individuals identified within the 

aggregation. The aggregation continued to exhibit sexual parity, with nearly 

equal numbers of males and females identified, 57 individuals (37%) and 67 

individuals (43.5%), respectively. The sex of the remaining 30 individuals (19.5%) 

could not be determined while in the field or from photos. There was no 

significant difference in the number of males and females identified (χ2=0.821, 

p=0.364). The trend of nearly equal numbers of males and females was also 

reflected in seasonal sightings data. All seasons exhibited no significant 

difference (χ2 range 0.222-3.533, p range 0.060-0.781)(Figure 2.6), except for 2018 

(χ2=4, p=0.046). During 2018, only four sharks were sighted, all of which were 

female. A second season 2017, had sightings of only two individuals, one male 

and one unidentified; however, this was not a significant bias (χ2=1, p=0.317). 
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Visual estimates of length were available for 125 sharks (81.2% of the 154 

individuals). Although length estimates ranged from 3-7m (average of all sharks = 

4.19 m), 109 sharks (87.2% of 125 sharks with length estimates) were estimated to 

be 3-5m. Sharks estimated to be over 5m in length were rare. There was little 

difference between the size distributions of both sexes. Size estimates were 

available for 53 male sharks, and the average length was 4.2 m. Similarly, the 

average length for the 61 female whale sharks, with size estimates, was 4.2 m. 

There were no significant differences between the number of individuals of both 

sexes within each size class (χ2 range 0-1.923, p range 0.166-1.000), even at the 

larger length estimates (Figure 2.7). 
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Figure 2.6: Seasonal ratio of male (blue), female (pink), and unknown sex whale 
sharks at Shib Habil. *Significant female bias observed in 2018 season (p-
value=0.0455)  
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2.3.2 SIGHTINGS TRENDS 

From 2010-2016 there was an average of 52 whale shark encounters each 

season (range 20-98), however in 2017, despite tourism trips and extra research 

days, a total of two whale sharks were encountered. To account for differences 

in effort throughout all seasons, hourly SPUE was calculated for 2011-2019. 

Unfortunately, effort data was not available for 2010. SPUE values varied from 

0.050-0.632, with an average of 0.32 (Figure 2.8). From 2016 to 2017, there was a 

96% decline in SPUE. Although a few more sharks were sighted in 2018, SPUE 

remained lower than average. These values display that despite research effort, 

there were few sharks encountered during both the 2017 and 2018 seasons. 

Notably, the 2019 SPUE is 0.35, higher than the average for all seasons, 

suggesting that the aggregation had returned. 
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Figure 2.7: Distribution of male and female whale sharks in each size class to the nearest 0.5 m from Shib 
Habil. Pink bars are female, blue bars are male, and white numbers in the bars are the number of 
individuals in each size class. (Note: no individuals were estimated to be 6.5m) 
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A more in-depth analysis of SPUE was undertaken to determine sightings 

patterns within a season. There appears to be no distinct trend when the 2011-

2016 seasons were compared (Figure 2.9). There are three main seasonal 

sightings patterns. Pattern 1 can be seen in 2012 and 2015, where there were 

moderate SPUE values during March and April with high SPUE in May. In 2013, 

seasonal SPUE Pattern 2 showed the highest values in March and steadily 

declined throughout the rest of the season, with lower SPUEin April and May. 

Finally, Pattern 3 is observed in 2011, 2014, and 2016 which have a similar pattern 

of low to moderate SPUE in March, a peak in April, and low to moderate SPUE in 

May. This variation in seasonality patterns was continued in the seasons following 

2016 (all seasons in Appendix A, Supplemental Figure 2.1). 
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Figure 2.8: Hourly sightings per unit effort (SPUE) for 2011-2019 whale 
shark encounters at Shib Habil, seasonal values listed above bars.  
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2.3.3 RESIGHT RATES AND POPULATION MODELING 

The majority of sharks, 123 individuals (79.9% of the 154 identified 

individuals), were only sighted within one season, despite some individuals being 

multiple times in the same season (March-May of the same year). A further 24 

sharks were identified in two different seasons. The time-at-liberty for these 

individuals varied from 350- 2218 days. Time-at-liberty is the time between the first 

and last sighting of an individual that has been identified. Inter-annual resight 

rates were calculated for sharks that were identified in multiple seasons. The 

average inter-annual resight rate was 34.1% and ranged from 55% to 15.4 % 

(Table 2.1). Despite the variation in the total number of sharks identified each 
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Figure 2.9: Hourly sightings per unit effort (SPUE) of whale sharks for each 
month during the 2011-2016 seasons (colors in legend) at Shib Habil.  
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season from 2-47 individuals, all seasons had at least one shark from previous 

seasons observed (1-11 individuals).  

 

Seven sharks were sighted in three, five, or six seasons, although no sharks 

have been sighted in only four seasons. Five of these sharks were female, and 

the remaining two were male. Time-at-liberty for these sharks ranged from 712-

3257 days, with an average time-at-liberty of 1717 days (approximately 4.5 years) 

(Table 2.2).  

 

2010 resights (%) 2011 resight(%) 2012 resight(%) 2013 resight(%) 2014 resight(%) 2015 resight(%) 2016 resight(%) 2017 resight(%) 2018 resight(%)
2010 47 0
2011 30 7 23.3 23.3
2012 19 5 15.8 10.5 26.3
2013 17 5 5.9 11.8 11.8 29.4
2014 17 4 11.8 5.9 - 5.9 23.5
2015 32 11 12.5 - 6.3 6.3 9.4 34.4
2016 20 11 25.0 - - 5.0 10.0 15.0 55.0
2017 2 1 - - - - - - 50.0 50.0
2018 4 2 25.0 - - 25.0 - - - - 50.0
2019 13 2 7.7 - - 7.7 - - - - - 15.4

34.1

Total      
resight (%)

year first sighted

Mean resight rate (%)

Year N Resight

Table 2.1: Resight rates for whale sharks identified at Shib Habil. N is the total number of sharks identified each season, 
resight is the number of identified individuals that were seen in previous seasons, year first sighted is the percent of sharks 
from that particular season resighted in each following season, and total resight is the percent of individuals from each 
season that were resighted in a previous season.  

Table 2.2: Metadata associated with sharks that have been photo identified in three or more seasons at Shib Habil. 
Duration is the time between the first and last sightings (time-at-liberty), min lag is the minimum time between 
consecutive sightings, max lag is the longest time between consecutive sightings, and mean lag is the average of the 
time between all consecutive sightings.  
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Encounter records from 2010-2019 were used to produce a discovery 

curve, which did not reach a plateau but was linear, indicating new individuals 

were identified throughout the study period (Figure 2.10). The LIR was calculated 

using the time between 

sightings and then 

plotted (Figure 2.11). 

While the LIR does 

decrease over time, it 

does not reach zero, 

suggesting some level 

of site fidelity of sharks 

that were sighted 

earlier in the study 

period. Additionally, 

while the decrease over time does indicate that many sharks are not frequently 

resighted at the study site, the occasional increase over time shows that some 

whale sharks are returning. This suggests a population of sharks that includes 

transient visitors with some individuals that show varying levels of site fidelity. The 

most open population model, Model H, had the lowest QAIC indicating best fit 

to the data (Table 2.3). This model includes emigration, re-immigration, and 

mortality as having a significant influence on the population. Estimates indicate 

that a mean of 15.9 ± 2.7 SE (95% C.I. 8.4 - 23.5) sharks are present at Shib Habil at 

one time during the aggregation season. Mean residency estimates suggest that 

sharks spend 12.9 ± 35.4 SE (95% C.I. 1.9 - 92.8) days within the aggregation at 

Figure 2.10: Discovery curve 2010-2019 of individuals in relation 
to each new whale shark encounter at Shib Habil. The linear 
nature of this curve implies new individuals were identified 
throughout the study period and indicates an open 
population. 
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Shib Habil. Additionally, estimates of the mean time outside of the study site were 

31.4 ± 97.9 SE (95% C.I. 8.7 - 335.4) days and the mortality/permanent emigration 

estimate of 0.0009 ± 0.0003 SE (95% C.I. 0.0005 - 0.0015) individuals per year, 

indicating low numbers of individuals dying or permanently leaving the 

estimated population.  

 

When the LIR was calculated, plotted, and models were fit for the 

seasonal steps (Appendix A, Supplemental Figures 2.2-2.4), other models fit the 

data alongside Model H. These model results can be found in Appendix A 

(Supplementary Tables 2.1-2.3). In short, the 2010-2016 model Model E also fits the 

data, a model that represents a semi-closed population; this model is also the 

Figure 2.11: Lagged identification rate of whale sharks at Shib Habil from 
2010-2019. Green points are the LIR mean ± SD (data), blue line is the model 
with the best fit, Model H. 
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best fit along with Model H when the 2010-2017 data is analyzed. The 2010-2018 

seasons' best fit models include Model H and Model G, two models that 

represent significant emigration, re-immigration, and mortality, but the 

population estimates are calculated differently.  

 

2.3.4 SPATIAL ANALYSES AND ENVIRONMENTAL VARIABLES 

Sightings in the Al Lith region were mostly concentrated around Shib Habil, 

where the majority of survey effort takes place. However, due to tourism trips and 

other research efforts, sharks were occasionally sighted at mid-shelf reefs. There 

were no significant “hot” areas in the hot spot analysis, which would indicate 

more sightings than expected at random. There were also no significant “cold” 

spots that would suggest sightings were more distributed than expected at 

random. All of the mid-shelf sightings were therefore kept for the mean center 

Table 2.3: Description of the eight models fitted to the lagged identification rate of whale sharks at Shib Habil from 
2010-2019 and comparative quasi Akaike information criterion (QAIC) values. Models are listed from least to most 
open population. Model with the best fit indicated in bold. N, population size within the study area at any time.  
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and directional distribution analysis. In addition, this provided some reassurance 

that selecting the larger areas for environmental data if needed would not be 

over generalizing a smaller area with a significant grouping.  

 

Mean center analysis was run for both sexes and all individuals. The mean 

centers were only about 1km apart, showing very similar habitat use. The 

directional distribution for all sightings is centered on Shib Habil stretching 

towards the mid-shelf sightings. The female distribution is slightly larger than the 

Figure 2.12: Optimized hot spot analysis of whale shark 
sightings in the Al Lith area, using a 500m hexagon grid. 
Yellow icons indicate no significant hot or cold clusters.  
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male; however, there was no significant difference in areas used around the 

reef, further supporting the lack of segregation of the sexes (Figure 2.13).  

 

Unfortunately, the remotely sensed data focused only on Shib Habil had 

many gaps throughout the chlorophyll-a data (62% of data missing) (see 

Appendix A Supplemental Figure 2.6). Therefore satellite data from a larger area 

(Figure 2.5B pink dashed box) was accessed and plotted from January 2008 until 

Figure 2.13: Whale shark sightings distribution colors are 
representative of male, female, and unknown sex sharks 
indicated in legend. Directional distribution for females is 
pink, males is blue, and all sightings combined is green.  
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January 2020 (Figure 2.14). However, this area roughly overlapped with the 

broader area where whale shark sightings occurred. While seasonal changes in 

chlorophyll-a and SST are evident, there does not seem to be an anomalous 

season (March, April, and May).  

 

Figure 2.15 shows seasonal variation in SST and chlorophyll-a 

concentration during March, April, and May of 2015-2019 (results for February- 

June can be found in Appendix A, Supplementary Figure 2.7). While there is 

some variation in the median SST between seasons, it is over a small range. The 

seasonal temperature ranges are not significantly different (Kruskal-Wallis 

H=2.199, df=4, p=0.714). Because there were fewer gaps in the immediate Shib 

Habil area SST 2008-2019 was tested using Kruskal-Wallis and there was still no 

significant difference in any season (H=11.317, df=11, p=0.417). There was also no 

significant difference in chlorophyll-a concentrations over the five seasons 

examined (Kruskal-Wallis H=4.612, df=4, p=0.329). There is minimal variation in the 

median values, with the 2017 median more similar to 2015 and 2016, while 2018 

and 2019 have more similar medians.  
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Figure 2.14: Sea surface temperature (blue) and chlorophyll-a (purple) concentration Modis 4km 8daily from 
January 2008 through January 2020 from the Al Lith region (Figure 2.5B pink dashed box).  
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2.3.5 SCARRING AT SHIB HABIL 

Sharks at the Shib Habil aggregation were recorded to have varying 

scarring levels, with 81 sharks (52.5% of 154 individuals) exhibiting some form of 

scarring. The majority of scars (71.6%) were superficial abrasions, nicks on fins, 

and the other category (Figure 2.16A). However, 32 individuals (20.8% of 154 

sharks) had at least one major scar. The major scarring category includes 

amputations, lacerations, blunt trauma, and scrolled/bent fins. Six individuals had 

two or more major scars, with one shark having four major scars. Many 

lacerations appeared to be inflicted from boat engines, with some sharks having 

multiple cuts in a row from a propeller. Several sharks were also noted to have 

scars in the healing process, meaning that they were likely recently inflicted. No 

putative predator bites were observed on sharks at Shib Habil. The position of 

scars on the body was also recorded (Figure 2.16B). The fins were the most 

commonly scarred area (73.6%), with the most common scarring being nicks, 

abrasions, and amputations. The dorsal fin had the most scarring (31.7%), 

A B 
Figure 2.15: Box plots representing A sea surface temperature (°C) and B chlorophyll-a concentration (mg m-3) during March, 
April, and May seasonally including the two seasons with low sightings 2017 and 2018.  
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followed by pectoral fins (23%), and the caudal fin (18.9%). However, these 

categories were closely followed by scarring on the dorsal surface, which 

accounted for 16.2% of scarring. The final three body positions, head, flank, and 

ventral surface, had low scarring occurrences (6.8% head, 2.0% flank, and 1.4% 

ventral surface).  

 

2.4 DISCUSSION 

Despite decreased sightings of whale sharks in the 2017 and 2018 seasons, 

the return to an average number of encounters in 2019 paired with an updated 

population estimate that is similar to previous work suggests that there is likely not 

a declining whale shark population at Shib Habil. However, a cause for this 

localized decline in sightings has not yet been identified. While some hypotheses 

can be discussed, some like temporal and spatial shifts cannot be analyzed with 

the existing data. In fact, it is likely that even with continued monitoring and 

investigation, the cause of the reduced sightings may not be discovered.  
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Figure 2.16: A Occurrence rates of different scarring types on whale sharks from Shib Habil. Dark green is major 
scarring categories and light green is minor scarring categories. B Number of occurrences of scarring on different 
body parts of whale sharks at Shib Habil.  
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2.4.1 DECLINE IN AGGREGATION ATTENDANCE IN 2017 AND 2018 

The 2017 and 2018 seasons were quite anomalous with extremely low 

hourly SPUE values, with 2017 showing a 96% decrease in SPUE from 2016 (Figure 

2.8). Declines in the number of whale sharks observed at a particular site have 

been previously reported. A study from Thailand using sightings numbers from 

local dive shops showed a similar decline in sightings through data normalized for 

effort. The number of sightings per year varied from 0-51, with an average of 42 

sightings per season (Theberge & Dearden, 2006). Whale shark per unit effort 

values dropped from 0.72 in 1997-1998 to 0.04 in 1998-1999 (Theberge & 

Dearden, 2006), a sudden decline similar to what was observed at Shib Habil. 

However, these declines are proposed to be possibly driven by El Nino 

fluctuations or harvesting of whale sharks in neighboring seas. Research in 

Southern Leyte Philippines also showed a massive change in the number of 

individuals encountered seasonally, with 336 whale shark encounters during 

research trips in 2013 and only 12 whale shark encounters in the 2014 season 

(Araujo et al., 2017). The majority of sharks sighted in 2013 were transiting in the 

water column. During the 2014 season, most sharks were sighted in one bay 

during a sergestid shrimps spawning event (Araujo et al., 2017). This likely means 

that sharks were within the area responded to this food pulse but utilizing the 

area in a different way. Araujo et al. postulate that a tropical cyclone that struck 

the area in November of 2013 and inundated the area with rainfall may have 

altered local water temperatures, salinity, and potentially prey availability. 

Reports from Ningaloo, Western Australia showed variation within the SPUE values 

from 1995 to 2004, with tour operators encountering 40% few sharks per hour of 
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searching in 2004 than in 1995 (Bradshaw et al., 2008). Throughout the study 

period, the mean length of sharks sighted also declined by 2m, which is used to 

back the main hypothesis that this decline is driven by overharvesting throughout 

Southeast Asia and the Indian Ocean historically (Bradshaw et al., 2008). Whale 

shark sightings in Mozambique were also recorded to decline 79% from 2005-

20011 (Rohner et al., 2013) and the trend has continued over time (Rohner et al., 

2018). Whale sharks along the Mozambique coast are suspected to be in peril 

because of the increasing use of drift gill nets in the same areas the whale sharks 

are known to frequent (Rohner et al., 2018). 

These existing reports of declines, along with expert opinions, have 

allowed for the development of several hypotheses addressing the decreased 

sightings at Shib Habil over two seasons. One proposed cause of declining 

sightings is overfishing or whale sharks being accidentally caught in existing 

fisheries targeting a different species. However, there is currently no active fishery 

targeting whale sharks within the Red Sea, and the occasional instances of 

individuals accidentally being caught (reported in Cochran et al., 2016) would 

not cause two seasons of decreased sightings followed so quickly a recovery. 

Therefore, it seems unlikely that overfishing or bycatch risk is a likely cause of the 

short-term decline.  

Remotely sensed environmental data revealed that the average SST and 

chlorophyll-a concentrations in the region were not significantly different 

between seasons where average numbers of sharks were encountered 2015, 

2016, 2019 and seasons where few sharks were encountered 2017 and 2018. 
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Although this is not a perfect proxy for in situ data, temperature loggers were 

deployed at the beginning of 2018 and collected in 2019 with new loggers being 

deployed. Unfortunately, due to COVID-19 related travel restrictions, the 

temperature loggers with the 2019 data have not yet been retrieved, so a 

comparison of in situ temperatures between seasons was not possible. 

Zooplankton sampling was conducted throughout 2017, 2018, and 2019 seasons, 

with the initial intention of exploring the feeding ecology of whale sharks at Shib 

Habil. However, these samples can now be used to compare zooplankton 

communities and biomass between 2017/2018 and 2019. An incoming MSc 

student will analyze these samples. She will be comparing biomass between 

feeding and non-feeding tows and comparing zooplankton biomass between 

seasons with decreased sightings and average sightings. We suspect that there 

will be a difference in the composition and biomass between feeding and non-

feeding tows, as observed in a study at Mafia Island, Tanzania (Rohner et al., 

2015). If a change in prey availability occurred in 2017and 2018, the tows from 

those seasons would have different zooplankton communities and potentially 

lower densities of prey that whale sharks would likely target.  

Another proposed theory was a shift in cohort, with individual sharks 

maturing, not returning to Shib Habil, and new juveniles taking their place. The 

data currently does not support this suggestion, nor has this been reported from 

another aggregation. Resight rates between seasons are varied, suggesting that 

there is likely a natural fluctuation in attendance. In addition, several individuals 

showed high levels of site fidelity. Five females and two males were sighted in 
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three or more seasons, with some being detected through passive acoustic 

monitoring for additional seasons (pers. observation).  

As previously mentioned, prey availability could have been different in 

2017 and 2018, making Shib Habil not a worthwhile place to forage, while other 

locations in the Red Sea had food pulses. The question then arises why some 

sharks still would show up at the aggregation site. Whale sharks could be 

exhibiting two different behavioral phenotypes: strong site fidelity (stable 

rewards, with low risk) and weak site fidelity (high rewards, with high risk). This 

foraging strategy has been described in an elephant seal satellite tagging study 

that examined body condition over 10 years (Abrahms et al., 2018). During 

seasons with normal climate conditions, high site fidelity individuals performed 

best, while weak site fidelity individuals performed best during anomalous 

climate conditions. However, when averaged over the 10 year study period both 

strategies performed similarly (Abrahms et al., 2018). Whale sharks in the Red Sea 

could be exhibiting similar behaviors. Several individuals exhibit strong site fidelity 

returning despite poor conditions, while weak site fidelity individuals occasionally 

visit. However, body condition cannot be easily assessed in free-swimming whale 

sharks, and the long-term tracks possible in marine mammal studies are not 

available in the Red Sea, making this an interesting but untestable hypothesis.  

A temporal or spatial shift is also difficult to investigate with the existing 

data and survey methods. Based on acoustic detections and previous seasons’ 

sightings data (Cochran et al., 2019), research survey efforts usually begin in 

March and continue until late-May. This limited survey season could exclude 
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sightings that may have occurred before (February) or after (June) the regular 

season if there was a shift in aggregation timing. However, the local dive shop 

did not report any sightings throughout the rest of either 2017 or 2018, although 

their effort is not a concentrated survey. The remaining acoustic array did not 

detect any sharks outside of the aggregation season and had very few 

detections during the seasons with decreased sightings numbers (Hardenstine 

unpublished data). However, over the previous seasons, tagging efforts had 

declined, and therefore, only a few individuals were remaining with tags. The 

monthly trends in SPUE also show a lot of variation in when most sharks are being 

observed by research effort. These elements combined make it likely that we will 

not determine if a temporal shift occurred, although it seems unlikely.  

Similarly, a decrease in sightings due to a spatial shift, change in habitat 

typically used, is difficult to determine. Acoustic tagging and visual census data 

have shown that the northern tip of Shib Habil has the highest number of 

sightings but that sharks can be sighted and detected along the whole reef 

(Cochran et al., 2016, 2019). Additionally, Cochran et al. 2019 show low 

detections of tagged sharks at offshore and mid-shelf reefs monitored 

throughout part of the study period. It was, therefore, determined to begin 

reducing the acoustic array to focus on Shib Habil. Whale sharks at the Mafia 

Island, Tanzania aggregation, were thought to be seasonally present; however, 

acoustic tag monitoring was determined to be cryptic residents (Cagua et al., 

2015; Rohner et al., 2020). The sharks were found to use deeper waters, further 

offshore during the time of year when visual census indicated they were no 
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longer present (Cagua et al., 2015; Rohner et al., 2020). If whale sharks at Shib 

Habil began using deeper waters further offshore during 2017 and 2018, there is, 

unfortunately, no way that we could have monitored this. Similarly, the sharks 

could have been using waters 10km to the north or south, and there is no way 

that this could be determined from the available data.   

2.4.2 POPULATION MODEL  

The Shib Habil population estimate from 2010-2019 was not drastically changed 

by the decreased sightings during two seasons. In fact, the same open 

population model was also best fit in previous work modeling the Shib Habil 

population from 2010-2015 (Cochran et al., 2016). Similarly, an open model is the 

best fit for many other whale shark aggregations that have been studied 

(Galapagos: Acuña-Marrero et al., 2014; Philippines-Cebu Araujo et al., 2014; 

Honduras Fox et al., 2013; Philippines-Donsol: McCoy et al., 2018; Western Central 

Atlantic: McKinney et al., 2017; Western Australia: Meekan et al., 2006; Qatar: 

Robinson et al., 2016; Djibouti and the Seychelles: Rowat et al., 2009). Like Shib 

Habil, much of this research is undertaken at seasonal aggregation sites. Whale 

sharks are transient visitors to these sites and a subset of individuals return 

seasonally.  

Results from Cochran et al. 2016 indicated an estimated daily abundance of 15-

34 sharks. Results from the updated analyses estimated a daily abundance of 8-

23 individuals. Local residence time and residence time away estimates are also 

quite similar between the previous and current work. The small difference in daily 

abundance estimates provides evidence that, although there were decreased 
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sightings over two years at Al Lith, the population overall did not decline. This 

could indicate that the observed low sightings were a localized, short-term 

change in aggregation attendance. The initial decrease in sightings, raised 

concerns that Red Sea whale shark population may be in decline. However, the 

current population estimates do not support that hypothesis. 

2.4.3 THREATS AT SHIB HABIL 

Scars were present on 52% of individuals identified at Shib Habil. 

Approximately 20% of the scarring observed was determined to be major 

scarring, and due to lack of putative predator bites at the aggregation site these 

scars are likely inflicted by boats (Cochran et al., 2016). Shib Habil is merely 5km 

from shore and near to the local Al Lith coastguard station. Boats leaving and 

arriving to that station will pass by Shib Habil and during aggregation season 

could accidentally strike a 

whale sharks and other surface-

oriented megafauna (Braun et 

al., 2015). Figure 2.17 shows an 

example of a shark that was first 

sighted in April 2010 with only a 

small amputation at the end of 

its caudal fin (A) and in May of 

2010 a fresh open wound is 

visible on the caudal fin (B). 

Although it is not clear that this 

Figure 2.17: Evidence of fresh injury on a whale shark at 
Shib Habil. A First sighting of R-090 on 9 April 2010, small, 
healed caudal amputation. B resight of R-090 on 4 May 
2010 with new laceration on tip of caudal fin.  
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new wound was inflicted at Shib Habil, small boat traffic in the region is a likely 

source of the injury. As can be seen in Figure 2.2 (A), when feeding at the surface 

portions of a whale shark’s mouth, dorsal fin, or caudal fin are breaking the 

surface of the water, which is what likely leads to fins being some of the most 

commonly scarred areas.  

Although there is no fishing pressure for whale sharks in the Al Lith region, 

there are additional threats to accidental boat strike. Within the last few years, 

the prawn farm outflow has been dredged again and at least some of the 

outflow has been diverted to a different location. While the prawn farm outflow 

was not shown to have an effect on food presence for whale sharks in the region 

(Hozumi et al., 2018), it is not clear what a change in position to north of Shib 

Habil may have. In addition, the development of a new port in Al Lith has begun, 

with construction taking place just south of Shib Habil. While construction is not 

yet complete, a new port could result in increased ship traffic in the area posing 

an additional threat to local sharks. Finally, a part of the Saudi Vision 2030 is the 

continued growth of the aquaculture sector and it is not clear how this may 

affect the NAQUA assets, such as the prawn farm and open ocean fish cages, 

that are in the Al Lith region.  

2.5 CONCLUSIONS 

Although it may never be entirely clear why the sightings declined so 

dramatically during the 2017 and 2018 seasons, the apparent recovery in 2019 

suggests that this was likely a short-term phenomenon. The population estimate 

for the aggregation was not affected by the fluctuations in sightings, with model 
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results and estimates from this work similar to Cochran et al. (2016). These results 

suggest that there was likely not a regional population decline, but only a 

decrease in the sightings at Shib Habil.  

The decline in sightings followed by a return to normalcy is likely not 

related to fisheries pressure, which has been proposed as a cause of declines at 

other aggregation sites globally. Additionally, there has only been one report of 

a whale shark accidentally caught in the Al Lith region within the last decade, 

making bycatch an unlikely cause for the decline. Remotely sensed SST and 

chlorophyll-a data were not significantly different throughout five seasons, 

including the two seasons with decreased sightings. However, additional 

analyses should be undertaken on this data to examine anomalous 

temperatures throughout the rest of the year. These anomalies may have 

delayed effects that could affect local processes and, potentially, whale shark 

presence. Future investigations, including the examination of mesoscale eddies 

or oceanographic cycles related to the presence and absence of whale sharks, 

may provide more insight. Changes in prey availability have yet to be 

investigated, but samples are available and will be analyzed in the near future. 

The data did not seem to indicate a cohort change; resight rates of sharks varied 

between seasons with no specific trend present. Additionally, a small subset of 

sharks showing high site fidelity continued to return to the site during both “good” 

and “bad” seasons.  

Unfortunately, some proposed hypotheses remain that are unable to be 

tested. While differences in behavioral phenotypes (high vs. low site fidelity) of 
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individual whale sharks attending the Shib Habil aggregation could have 

accounted for decreased sightings, without more recent satellite tracks or body 

condition data this cannot be proved. Additionally, while a temporal shift (sharks 

arriving before or after the season) or a spatial shift (sharks aggregating in 

another location) could have occurred, there is no way for either probability to 

be confirmed or refuted. It is likely that an exact cause for the two season 

decreased sightings at Shib Habil may never be identified.  

There are threats present in the immediate Al Lith area. Injuries from boat 

strike are quite common on whale sharks at Shib Habil, and the reef’s proximity to 

the local coastguard and port is a potential contributor. Protection measures 

such as limiting boat traffic or boat speed around the aggregation site could 

reduce accidental strikes. Education of local stakeholders is necessary to ensure 

that any tourism is responsibly undertaken and so that local captains know when 

and where they should be more cautious. 

The Shib Habil aggregation has only been investigated for just over a 

decade, so there is likely still much to learn. However, this fluctuation in numbers 

at Shib Habil made it clear that there has been limited focus on whale sharks not 

associated with the Shib Habil aggregation throughout the Red Sea basin. This 

raises the question of if the individuals at this aggregation are truly representative 

of the rest of the Red Sea population as a whole. In addition, while encounter 

numbers were declining at Shib Habil, how was the rest of the Red Sea 

population faring? In the next chapter, I will use a citizen science-based 

approach to investigate the Red Sea population as a whole. 
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CHAPTER 3: TRENDS IN WHALE SHARK POPULATION DYNAMICS THROUGHOUT THE RED SEA 
USING A CITIZEN SCIENCE-BASED APPROACH 

 

3.1 INTRODUCTION 

In Chapter 2, I discussed a dramatic decline in whale shark sightings at 

Shib Habil, in the Saudi Arabian Red Sea. This aggregation has been monitored 

for over 10 seasons, and the sudden decline in sightings was an unexpected 

inconsistency in what was thought to be a reliable seasonal occurrence. The 

resumption of regular whale shark sightings around Shib Habil in 2019 suggested 

the failure to aggregate in 2017/2018 was not due to a sudden reduction in 

whale shark abundance throughout the Red Sea. This raises the question of 

whether other areas in the Red Sea experienced similarly low sightings during 

2017 and 2018, or if the decreased sightings of sharks at Shib Habil corresponded 

to increased sightings in other locations?  

Very few studies examine whale sharks within the Red Sea, and what does 

exist has largely focused on Shib Habil (Berumen et al., 2014; Cochran et al., 

2016; Cochran et al., 2019). Two of these studies utilized satellite telemetry to 

track long-distance movements of whale sharks throughout the Red Sea and, in 

some cases, into the Indian Ocean. While movement data from these tags has 

allowed for an understanding of what areas whale sharks utilize after departing 

from Shib Habil, to my knowledge, no other concerted efforts have been made 

to monitor whale sharks in the region. Therefore, there is a general lack of 
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available data throughout the Red Sea to understand the whale shark 

population.  

One potential way to overcome the lack of data concerning Red Sea 

whale sharks is utilizing the online global database Wildbook for Whale Sharks, 

which is based on citizen scientist contributions alongside that of researchers. 

Previous studies have utilized multiple research specific photo-ID databases or 

have combined those databases with citizen science data in order to make 

more widespread conclusions about regional population dynamics. Importantly, 

these studies moved beyond aggregation specific population models to a 

model that is representative of a larger area. However, many find varying 

degrees of movements between different locations. For example, concentrated 

surveys at Al Shaheen in Qatar were paired with citizen science-based 

knowledge from Wildbook for Whale Sharks and a social media effort called 

Shark Watch Arabia to create a regional population model for the Arabian Gulf. 

These efforts identified 341 individuals from Al Shaheen and 81 from the 

surrounding areas, and also indicate high connectivity within the region 

(Robinson et al., 2016). A more comprehensive overview of regional photo-ID 

assessments was included in Chapter 1 (section 1.3.1.).  

 Norman et al., 2017a provided one of the most comprehensive global 

analyses utilizing encounters from Wildbook for Whale Sharks. However, the study 

was limited to data from 1992-2014. The study was able to identify 57 whale 

sharks from the Red Sea from a total of 399 encounters and within this dataset, 

they were able to establish evidence of one individual traveling from the Gulf of 
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Tadjoura, Djibouti to the Shib Habil aggregation ( Norman et al., 2017a). The 

study also included other basic details about the Red Sea whale sharks included 

in the paper, including one shark that was sighted three times over a period of 

nine years. Unfortunately, the data in that study ending in 2014 means that the 

Red Sea database on whaleshark.org was missing most of the sightings from Shib 

Habil, and many encounters from the greater Red Sea were omitted because 

the photos were not processed.  

As of August 2020, over 800 encounters from the Red Sea were available 

on Wildbook for Whale Sharks. While this number does include research sightings 

from Shib Habil, it also includes encounters from other areas throughout the Red 

Sea basin. Many of the encounters originate from tourism hotspots like Egypt and 

Israel. A research group from Israel has made recent efforts to increase reports 

from the Gulf of Aqaba and Sinai Peninsula (Egypt) by introducing Facebook 

pages that encourage divers and snorkelers to report sightings of all sharks and 

rays. The pages have resulted in more encounters being shared that are recent 

and contributions of photos and videos from a few years ago. These data, 

particularly from other countries, provide an untapped dataset that can be 

utilized to understand whale sharks throughout the Red Sea.  

In Chapter 2, scarring records from Shib Habil were updated to 

incorporate data from 2016 through 2019. Unlike most other aggregations where 

scarring has been assessed, no predatory bites have been observed on sharks 

within the Shib Habil aggregation (Cochran et al., 2016). In contrast to the lack of 

bite scarring, injuries from boat strikes are more prevalent in Al Lith than in most 
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other Indian Ocean aggregations (Lester et al., 2020). To determine if increased 

propeller scarring is a local phenomenon specific to Al Lith, I have expanded our 

analysis of scarring to include sharks sighted in other areas of the Red Sea. In 

addition to categorizing scars by type, I have also specified the body positions of 

scarring on each animal, which was not included in previous work (Cochran et 

al., 2016). This will bring the Al Lith aggregation and the rest of the Red Sea in line 

with recently established standards for reporting scars at whale shark 

aggregations (Lester et al., 2020). 

Additionally, the Shib Habil aggregation has unique demographics of 

equal numbers of males and females (Berumen et al., 2014; Cochran et al., 2016, 

2019). The majority of Indo-Pacific aggregations, including the least 

geographically distant aggregation from Shib Habil in the Gulf of Tadjoura, 

Djibouti, are male-dominated. The Djibouti aggregation is made up of 

approximately 85% males, and individuals are 2-7m in length (Rowat et al., 2011). 

On the other side of the Arabian Peninsula, Qatar’s Al Shaheen aggregation 

hosts 69% males, and sharks are 4-10m in length (Robinson et al., 2016). However, 

there is little known about the sex ratio for the rest of the Red Sea. It is unclear if 

the sexual parity found at Shib Habil is also present throughout the rest of the 

basin or if the entire Red Sea is male-dominated, like the Djibouti and other Indo-

Pacific aggregations. 

This chapter will provide a better understanding of whale shark dynamics 

throughout the rest of the Red Sea by investigating sightings distribution, 

seasonality, demographics, and population modeling utilizing photo-
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identification. These results will be compared to the Shib Habil aggregation, 

particularly for the 2017 and 2018 seasons. In addition, crossover within and 

outside of the Red Sea will be investigated. Finally, I will briefly analyze scarring 

rates and tourist interactions with whale sharks throughout the Red Sea to 

understand better current threats and potential future threats to Red Sea whale 

sharks. 

3.2 METHODS 

3.2.1 CITIZEN SCIENCE-BASED PHOTO-IDENTIFICATION & POPULATION MODELING 

Photo-identification methodology closely followed that which is described 

in Chapter 2 (see section 2.2.3). However, for this chapter, photos were not only 

a result of dedicated visual census. This means that researchers were not out 

actively surveying the entire Red Sea with the same focused effort undertaken at 

Shib Habil. Instead, photos and sightings data were obtained almost entirely from 

the Wildbook for Whale Sharks online database. Any remaining sightings data 

were from tourists or colleagues who were aware of the ongoing whale shark 

work. As previously mentioned, the majority of Wildbook for Whale Sharks data 

comes from tourists and dive professionals submitting their encounter 

information.  

Secondarily, Wildbook for Whale Sharks recently introduced artificial 

intelligence (AI) that creates encounters from YouTube videos. The AI increases 

the number of encounters that can be included for specific regions because it 

only relies on keywords from videos that are publicly available online and not 

tourists remembering to upload encounter information to a website.  
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Although a portion of the online photos had been processed, there was 

little organized curation of the Red Sea database. Therefore, I went through the 

entire Red Sea database of encounters submitted before September 9th, 2020. I 

processed spot patterns on new reports, re-checked all matches, grouped 

duplicate encounters, and removed encounters from the AI that did not include 

photos of whale sharks. Sightings were of varying quality levels, which resulted in 

differing classifications: unidentifiable, unassigned, unmatched first, and match. 

Unidentifiable encounters consist of reports from trusted sources with no photos 

or reports where the provided photos were not suitable for identification (e.g., 

silhouetted sharks, photos from boats above water). Unassigned reports only had 

identifiable right-side photos or had photos that were at extreme angles that 

made definitive initial identification difficult. Within Wildbook for Whale Sharks, 

matches are classified as a pattern match, suggested by the algorithms on the 

website (I3S (Van Tienhoven et al., 2007) and Groth (Arzoumanian et al., 2005)), 

or a visual match, which is made by researchers curating the database. Finally, 

encounters classed as unmatched first are new sharks to the online database 

with photos of only the left side or both sides. However, of note, previous Red Sea 

photo-identification work (Cochran et al., 2016) relied on right-side photos for 

analysis, so many sharks within the Red Sea database are classified as 

unmatched first with only right-side photos. These sharks were later filtered from 

the analysis. As described in the previous chapter, to prevent double-counting 

sharks for which both left and right side photos are not available encounters with 

only right side photos were removed from the photo-identification analyses.  
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After filtering out unidentifiable, unassigned, and remaining sharks for 

which there were only right-side photos, demographics for the northern Red Sea 

(NRS) and the entire Red Sea (all Red Sea sightings, including those from Shib 

Habil) were examined. The NRS was chosen for further analyses because there 

were enough unique individuals and sightings to allow for population analyses. 

For this study, the NRS included sightings from Egyptian, Israeli, and Jordanian 

waters (including encounters from the Straits of Tiran). 

 When possible, size and sex were determined based on submitted 

Wildbook for Whale Sharks metadata, or sex could also be determined (and 

confirmed) by examining photos and videos in the encounter that included the 

pelvic area. Males were determined by the presence of claspers, and based on 

clasper size/morphology, were determined to be juvenile or mature. Finally, the 

two datasets, NRS and the entire Red Sea, were analyzed utilizing SocProg 

(Whitehead, 2009) following the methods outlined in Chapter 2 (see section 

2.2.3). SocProg is used to calculate a lagged identification rate, fit models, and 

compare models for best fit. Lagged identification rate (LIR) is the probability of 

re-identifying an individual shark after a given time lag from the initial encounter 

(Whitehead, 2001). Using the capture history from the sharks used in photo-ID 

analyses, an LIR was calculated. Following this, eight models (A, B, C, D, E, F, G, 

H) ranging from a closed to open population were fitted to the LIR. Also, the 

“movement between areas” function in SocProg (Whitehead, 2009) was used to 

examine the probability of an individual moving between the NRS and Shib 
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Habil. This function also estimates population size and mortality rates (or 

permanent emigration from the study areas).  

3.2.2 SIGHTINGS DATA & ANALYSIS 

When available, coordinates were sourced from online encounters. If 

coordinates were not recorded, then landmarks (mostly reef names and port 

cities) associated with each encounter were used to generate probable 

latitudes and longitudes. These coordinates were plotted using ArcGIS Pro (Esri) 

and used to produce a map of sightings. Following this, a heat map was created 

to examine and better visualize the density of sightings throughout the Red Sea. 

Sightings were then divided into areas with mid to high densities of sightings: 

north Aqaba, Egypt, and Saudi Arabia (all KSA sightings including Shib Habil). The 

total number of sightings for each month was calculated within the three areas 

to compare seasonality throughout the Red Sea. Finally, the total number of 

sightings at Shib Habil from 2000-2020 and the total number of sightings 

throughout the rest of the Red Sea for 2000-2020 were compared. 

3.2.3 NRS SEASONALITY 

Sightings Egypt, Israel, and Jordan, were divided into four broad regions to 

compare the seasonality of areas in the NRS. The northernmost region was the 

Gulf of Aqaba, which included sightings from Dahab and north Aqaba (Israel, 

Jordan, and Taba Heights, Egypt). The second region was South Sinai, which 

included Ras Mohammed National Park (RMNP), Sharm el Sheikh, and the Straits 

of Tiran. Sightings from El Gouna, the Strait of Gubal, Hurghada, and Safaga 

were grouped and considered the Hurghada region. Finally, the south-central 
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region consisted of sightings from El Quseer, Daedalus Reef, Brothers Islands, 

Marsa Alam, and Elphinstone Reef (Figure 3.1). The total number of sightings for 

each month was calculated for each of the four regions. There were no sightings 

from the Gulf of Suez (other than the very south); therefore, this region was not 

included in any NRS analysis.  

 

3.2.4 SCARRING RATES & TOURISM OBSERVATIONS 

Scarring was recorded and analyzed following the methods established in 

Chapter 2 (see section 2.2.4). However, due to the source data being from 

citizen science records a few modifications were made. When possible, scarring 

notes written within the Wildbook for Whale Sharks record were considered. The 

records were checked against photographs within the submission to ensure 

Figure 3.1: Regions of the northern Red Sea 
examined for seasonality, with each region denoted 
by a color shown in legend.  



91 
 

accuracy. If there was no written record, photos and videos were scanned to 

determine if there was any obvious scarring on the shark. Notes were also made 

if commensal copepods (Pandarus rhincodonicus) were present on any sharks. 

The copepods were recorded because previous work using iDNA (whale shark 

DNA sequenced from the copepod) has been performed; however, we have 

rarely noted them at Shib Habil. Records were made to see how common 

commensal copepods are on Red Sea sharks.  

In addition, because the majority, if not all, of these encounters are 

submissions from tourists or dive guides, interactions of tourists and dive boats 

with sharks were analyzed when possible. Photos and videos were examined, 

and negative interactions, based on codes of conduct established in other 

locations globally, were noted into specific categories. This included 

overcrowding/blocking the shark’s forward progress, which involved more than 

six tourists around the shark or tourists approaching closer than 3m from the head 

or 4m from the tail. Additionally, if tourists passed in front of the shark or 

obstructed the whale shark’s forward movement, this category was noted. The 

second category was touching, including divers or snorkelers touching a shark 

whether on purpose or accidentally. The final category was “other” in order to 

capture any other instances of inappropriate tourism. Divers with scooters 

approaching a whale shark and boats/zodiacs crowding whale sharks were 

noted in the “other” category. 
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3.3 RESULTS 

3.3.1 RED SEA SIGHTINGS DISTRIBUTION & SEASONALITY 

A combination of Wildbook for Whale Shark encounters, visual census 

data from the aggregation at Shib Habil, and additional submissions from 

colleagues and divers of opportunistic sightings resulted in 788 total sightings of 

whale sharks. The dates of these sightings ranged from December 1997 through 

August 2020. There was only one unidentifiable sighting from 1997; all other 

sightings were from 2000 onwards. Four of the encounters included in the 

database are of two sharks from the Gulf of Tadjoura, Djibouti. These four 

encounters were excluded from population modeling and discussion about Red 

Sea demographics. Djibouti encounters were removed because they are from 

outside of the Red Sea, and a full dataset for that aggregations was not 

available.  

The remaining 784 

sightings were from five of the 

countries bordering the Red Sea. 

Two countries, Yemen and 

Eritrea, had no reports of whale 

shark encounters within the 

database. The Red Sea in 

general (sightings for which no 

country was reported), Jordan, 

and Sudan all only had five 

encounters each, with the three 

Figure 3.2: Distribution of whale shark encounters by 
country, indicated by color in legend, from Wildbook 
for Whale Sharks (as of Sept 2020). Red Sea* are 
sightings for which a country or specific location are 
not listed.  
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combined making up less than 3% (0.64% each) of the total database (Figure 

3.2). Israel also had relatively low numbers of encounters, with only 52 encounters 

(6.6% of 784 total) reported. Both Egypt and Saudi Arabia had large numbers of 

sightings reported. There were 293 encounters (37.4% of 784 total) reported 

Egyptian waters of the Red Sea and 424 encounters (54.1% of 784 total) from 

Saudi Arabia.  

For initial analyses, all available 784 sightings were used, and encounters 

with whale sharks were mapped throughout the Red Sea when coordinate data 

was available or when a dive-site was listed for which a general coordinate 

could be determined. These points were then mapped to show the distribution of 

A B 

Figure 3.3 A: Map showing all Red Sea whale shark sightings (black points). B: Heat map of 
whale shark sightings. Yellow is the highest density of sightings and purple is low densities of 
sightings.  
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sightings throughout the Red Sea (Figure 3.3A). In order to better visualize the 

data, a heat map was created, showing the density of sightings throughout the 

Red Sea (Figure 3.3B). The Al Lith region appears bright yellow on this map, 

representing a high density of points, an unsurprising result considering the long-

term scientific effort monitoring whale sharks at Shib Habil. However, the southern 

Sinai Peninsula (including RMNP and Sharm el Sheikh) also had a high density of 

sightings, followed by the northern Gulf of Aqaba.  

Seasonality results can be seen in Figure 3.4, which displays the total of 

sightings each month throughout the entire dataset. This is divided into three 

regions; Saudi Arabia, Egypt, and the northern Gulf of Aqaba, with a few 

exceptions. One individual that was sighted near Tiran Island, Saudi Arabia, was 

grouped with the Egyptian sightings, and Egyptian sightings from Taba Heights, 

near the Egypt/Israeli border, were grouped into north Aqaba. Sightings from 

Sudan and the Red Sea, in general, were not included due to such low numbers. 

The seasonality is dominated by the large number of sightings in Saudi Arabia, 

particularly at Shib Habil during March, April, and May. However, sightings in 

Saudi Arabia drop to nearly zero throughout the rest of the year. On the other 

hand, Egypt has low but consistent sightings throughout December, January, 

February, March, and April. Starting in May, sightings gradually increase until the 

highest number of sightings occurs from July to September. Finally, north Aqaba 

has a much less evident seasonality, likely driven by the low overall number of 

sightings in the database. However, a peak in July and August, similar to Egypt, 

can be seen. 



95 
 

 

There were 111 reports (14.1% of 784 sightings) determined to be 

unidentifiable and 107 encounters (13.6% of 784 sightings) that remained 

unassigned. The category matches, which was comprised of both pattern and 

visual matches, made up 26.4% (208 reports) of the sightings. Finally, 360 

encounters (45.7%) were classified as unmatched first. Although Wildbook for 

Whale Sharks guidelines stipulate that sharks for which only right-side photos are 

available should remain unassigned, some within the Red Sea database have 

been identified. These sharks were tagged at the Shib Habil aggregation and 

used in previous photo-ID analysis (those used in Cochran et al., 2016, 2019). 

Encounters are removed when filtering data to move forward with photo-ID 
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Figure 3.4: Trends in whale shark sightings seasonally (total number of encounters each month) 
throughout the Red Sea. Colors for regions explained in legend, N Aqaba includes sightings from both 
Jordan and Israel.  
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analyses. However, as can be seen in Figure 3.5, despite the decreased sightings, 

the general trends are not lost.  

 

Figure 3.5: Total number of Red Sea whale shark sightings from Wildbook for 
Whale Sharks (dashed line) and total number of identifiable encounters (solid 
line) used for population model from 2000-2020.  
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Figure 3.6: Yearly total of sightings on Wildbook for Whale Sharks from Al Lith, Shib 
Habil aggregation (green) and yearly total of sightings from all other parts of the 
Red Sea (blue), from 2009-2020.  
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In Figure 3.6, a comparison between the rest of the Red Sea sightings and 

those from the Shib Habil aggregation can be seen. Most notably in this figure is 

that despite the decline in sightings at Shib Habil during 2017 and 2018, the trend 

in sightings throughout the Red Sea remains steady, if not slightly increasing 

during that time, suggesting that the decline observed at Shib Habil was a 

localized incident. 

3.3.2 NORTHERN RED SEA SPECIFIC ANALYSES 

3.3.2.1 NRS SIGHTINGS SEASONALITY 

There were a total of 317 sightings from the NRS that included the 

necessary metadata to allow for them to be divided up between the four 

regions (Figure 3.7A). The most encounters, 121 (38.1%), were reported from 

South Sinai. The south-central Egyptian coast had 82 encounters (25.9%), 

followed by 64 encounters (20.2%) in the Gulf of Aqaba. The lowest number of 

sightings were from the Hurghada region, with only 50 encounters (15.8%). South 

Sinai and the Gulf of Aqaba showed similar seasonality patterns, with increases 

occurring in February and March. South Sinai reaches a peak number of 

sightings in June and July, while Aqaba increases during that time reaching a 

peak in August. Sightings in both locations decrease throughout the rest of the 

year. Hurghada and the south-central Egyptian coast also have relatively similar 

patterns in seasonality. Both have low numbers of sightings throughout the first 

half of the year, increasing towards the highest number of sightings starting in 

June/July. (Figure 3.7B) 
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3.3.2.2 NRS PHOTO-IDENTIFICATION & POPULATION MODEL 

The NRS was analyzed as a population, including 351 encounters from 

Egypt, Israel, Jordan, and a single sighting from Tiran Island, Saudi Arabia. After 

filtering out unidentifiable and unassigned individuals (usually only right-side 

photos), a total of 188 encounters with 172 individuals remained. Unfortunately, 

sex was recorded or determined by photos/video for only 32 individuals, 

approximately 18% of identified sharks. Of those 32 individuals, there was an 

approximately equal number of 21 female and 11 male sharks (χ2 =3.125, p = 

0.077). Similarly, size estimates were only available for 68 individuals (37.8% of 172 

unique individuals). Length estimates ranged from 3-11 meters, with an average 

of 5.2 m (Figure 3.8). 
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Figure 3.7: A Distribution of whale shark sightings from Wildbook for Whale Sharks throughout the northern Red 
Sea, where color indicates the region to which the encounter was grouped (color described in legend).  
B Seasonality (total number of sightings each month) of whale sharks sightings throughout the northern Red Sea 
where line color indicates region and is described in legend.  
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Eight individuals were resighted in the northern Red Sea. Six of these 

individuals were resighted once. The remaining two individuals were identified 

three times. Time-at-liberty (time between first and last sightings) for these sharks 

had a large range from 1 day to 3455 days. The average time-at-liberty for all 

individuals was 766 days (Table 3.1).  

Figure 3.8: Frequency of total length estimates (to the nearest 1m) from 68 
whale sharks identified in the northern Red Sea. 
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Total Length Estimate (meters) 

Table 3.1: Whale sharks resighted within the northern Red Sea and associated metadata. Days is 
time-at-liberty. RMNP is Ras Mohammed National Park, Sm. Brother is Small Brother Island, Egypt.  
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NRS encounter records from 2000- August 2020 were used to produce a 

discovery curve, which was linear, suggesting new individuals were identified 

throughout the study period (Figure 3.9). In fact, nearly all individuals were 

unique when identified, 

confirming the low 

resight rate in the NRS. 

The LIR was calculated 

using the time between 

sightings and then 

plotted (Figure 3.10). The 

most open population 

model, Model H, had a 

low change in the 

Akaike information 

criterion (AIC), indicating it was a good fit to the data (Table 3.2). AIC was used 

due to no over dispersion in the data. This model includes emigration, re-

immigration, and mortality/permanent emigration as having significant influence 

on the population. However, two other models were also had good fit to the 

plotted LIR values, Model C and Model D (Table 3.2). These models indicate a 

less open population. Models C and D both include emigration and 

mortality/permanent emigration as having a significant influence on the 

population but are these values calculated slightly differently between models. 

Unfortunately, the low number of sharks that were sighted more than once 

makes the interpretation of these data difficult. Model D estimates the 

Figure 3.9: Discovery curve of individuals in relation to each 
new whale shark encounter in the northern Red Sea. The 
linear nature of this curve implies an open population 
comprised of majority unique individuals. 
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population in the NRS to be 488 (95% c.i. 39-1221) individuals, with a mean 

residence time of 1636 (95% c.i. 0 - 6135) days. These results suggest a large semi-

closed population. Meanwhile, Model H estimates the population in the NRS on 

any day to be smaller, 43 (95% c.i. 21- 234) individuals. The estimated mean 

residence time in was 7 (95% c.i. 0- 18800000) days, residence time out 107 (95% 

c.i. 0 - 4500000) days, and mortality/permanent emigration rate of 0.0005 (95% 

c.i. 0 - 0.88) individuals a year. The estimates from Model H would indicate a 

relatively small open population, with very low rates of mortality or individuals 

leaving the study area. However, few resighted individuals within the NRS limit the 

accuracy of the estimates, so these results must be interpreted with caution. 

 

Figure 3.10: Lagged identification rate of whale sharks in the northern 
Red Sea 2000-2020. Green points are the LIR mean ± SD. Three lines are 
the three models with the best fit. Model C is blue, Model D is orange, 
and Model H is yellow.  
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3.3.2.3 NRS SCARRING RATES & TOURISM INTERACTIONS 

Scarring was present on 83 (48.5%) of the 171 sharks identified in the 

northern Red Sea. Twenty (11.7%) individual whale sharks exhibited major 

scarring, while 63 (36.8%) had minor scarring. Several unique types of scarring 

were captured within the “other” category, some of which were classified as 

major and others that were classified as minor. One shark had what would 

typically be considered an abrasion, an injury usually considered minor. In this 

case, the shark had abrasions covering the majority of one flank and quite large 

abrasions near the caudal fin on the right-side (Figure 3.11A). This injury's 

extensive nature caused me to class it as “other” and consider it a major scar. 

Another individual was sighted with what is considered a laceration. However, 

the depth and size of this injury were notable (Figure 3.11B). This injury was not 

alone in being quite an extensive injury likely caused due to boat or ship strike. A 

Table 3.2: Description of the eight models fitted to the lagged identification rate from the northern Red Sea 
2000-2020 and comparative Akaike information criterion (AIC) values. Models are listed from least to most 
open population. Selected models are BOLD. N, population size within the study area at any time.  
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minor injury that was noted on two different individuals was interesting skin 

markings around the sharks’ mouths (Figure 3.11C). It is not clear if this is a healed 

abrasion or some kind of biofilm. Finally, another major scar/injury was a shark 

sighted in Dahab, Egypt, with a rope around its caudal fin (Figure 3.11D).  

 

The vast majority (84.6%) of scarring was made up of superficial abrasions 

and nicks on fins (Figure 3.12 A). Lacerations were the most common type of 

major scarring observed. Many of these were definitively or likely to be from ship 

or boat strike. Position of scarring (Figure 3.12 B) showed the over half of the 

scarring occurred on caudal, dorsal, or pectoral fins (21.7% caudal, 19.6% dorsal, 

and 21.7% pectoral), driven by the fact that nicks most commonly occur on fins. 

Figure 3.11: Scarring of note from the northern Red SeaA Extensive abrasions on both flanks of a shark 
B Large deep laceration, likely from ship strike. C Patchy skin condition around mouth, potentially 
healed abrasion or biofilm. D Shark observed in the Gulf of Aqaba entangled in a rope that is causing 
additional damage around caudal fin.  
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Commensal copepods were noted on only five sharks, with some occurring 

along with injuries and the edges of fins. Once again, no putative predator bite 

scars were observed on any of the sharks in the NRS. 

 

Unfortunately, direct observations of tourism behavior are not frequently 

possible within the Red Sea. The majority of encounters online did not show forms 

of disruptive tourism or few people other than those photographing or recording 

video were seen in photos or footage. However, 35 encounters contained 

evidence of irresponsible tourism. This included 11 instances of sharks being 

touched, 15 instances of overcrowding/blocking forward progress, six instances 

of both overcrowding and touching, one instance of divers with scooters 

approaching a shark, three instances of sharks surrounded by multiple large 

boats, and one instance where the shark reportedly swam into snorkelers. All of 

these encounters were recorded from Egypt, with the exception of one from 

Israel.  
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Type of scarring  Position of scarring 
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Figure 3.12: A Occurrence rates of different scarring types on whale sharks from the northern Red Sea. Orange is major 
scarring categories and yellow is minor scarring categories. B Number of occurrences of scarring on different body parts 
of whale sharks.  
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3.3.3 RED SEA ANALYSES 

3.3.3.1 POPULATION MODEL & SCARRING RATES 

Due to an overwhelming majority of Red Sea sightings occurring in the 

NRS or from the Shib Habil aggregation site, the overall Red Sea results are 

heavily influenced by the results from both of these locations. A total of 329 

whale sharks were photo-identified throughout the entire Red Sea. Only 10 sharks 

are added to the analysis by including sightings from Saudi Arabia (outside of 

Shib Habil) and those from the general Red Sea and Sudan. This incremental 

increase in encounters does not affect the size range (average 4.5 m, 

Supplementary Figure 3.1), sex ratio (69 male:87 female:173 unknown, 

Supplementary Figure 3.2), or scarring rates (50.2% of 329 individuals with scars, 

Supplementary Figure 3.3) for the Red Sea as a whole (see Appendix B for 

figures). Much like Shib Habil and the NRS, there is no significant difference in the 

number of male and female sharks encountered within the Red Sea (χ2=2.077, 

p=0.150).  

Figure 3.13 shows the total percentage of individuals with scars in the Red 

Sea compared to values published in other studies (Boldrocchi et al., 2020; Lester 

et al., 2020; Penketh et al., 2020; Speed et al., 2008). Djibouti is only included in 

this comparison because the rest of the published scarring values were seasonal. 

Comparisons of the percentage of major scars, scar position on the body, and 

type of scars between the entire Red Sea dataset and four other locations in the 

Indo-Pacific are shown in Figure 3.14. Most interestingly, the Red Sea is the only 

location that has not yet had a report of putative predator bite scars.  
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Similar to the Shib Habil model and NRS model, Model H, the most open 

population model accounting for emigration, re-immigration, and mortality, is 

the best fit for the Red Sea data (modeling results in Appendix B, Supplementary 

Figures 3.5 & 3.6 and Supplementary Table 3.1). However, this population model 

is highly biased by the Shib Habil resighting rates. It is quite likely that the Red Sea 

population is an open one with few frequently sighted sharks and more transient 

individuals. It is important to note that the two different sampling regimes 

undertaken at the Shib Habil aggregation (visual census) and the rest of the Red 

Sea (citizen science reports) do not necessarily lend themselves well to building a 

single population model. Therefore these results must be carefully interpreted. 
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Figure 3.13: Total scarring percent in whale shark populations. Data from: Speed et al., 2008; 
Boldrocchi et al., 2020; Lester et al., 2020; Penketh et al., 2020. Numbers above bars are percent 
of population values.  
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3.3.3.2 REGIONAL CONNECTIVITY 

The photo-identification process of encounters in the Red Sea found six 

sharks that moved between distinct regions (Figure 3.15). Five out of the six have 

only been identified twice; therefore, only unidirectional movement could be 

understood. These cases include movements between RMNP and Shib Habil (2), 

north Aqaba and RMNP (1), El Quseer (Marsa Alam) and north Aqaba (1), and 
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Figure 3.14: Comparison of percentage of individuals with scarring at different 
aggregation sites in the Indo-Pacific including A scar position on shark and B type of 
scarring. (Data from other locations from Speed et al., 2008; Lester et al., 2020; and 
Penketh et al., 2020.) 
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Djibouti and Shib Habil (1) (Table 3.3). The time between encounters ranged from 

72-1811 days (average 790 days between sightings).  

 

The final shark, DJ-109, provided the first evidence of repeated 

movements between Djibouti and Shib Habil. Note that the identification 

convention on Wildbook for Whale Sharks is one or two letters, representative of 

where a shark was first identified, followed by a number. All of the sharks 

discussed in the study have been identified as “R-#,” indicating they were first 

identified in the Red Sea. This individual was initially sighted in Djibouti, so it has 

an identification number starting with “DJ.” In 2012 this shark was sighted twice in 

Djibouti. It was later tagged at Shib Habil during the 2014 season and was 

resighted in Djibouti in February 2015 with an acoustic tag. Following that 

encounter, the shark was detected on the acoustic array a few months later 

during the 2015 season at Shib Habil, and the shark had one more encounter 

March 2016 at Shib Habil but was no longer tagged. This 4 m male shark had a 

total of time-at-liberty of 1522 days. 

Table 3.3: Individual whale sharks identified in more than location in the Red Sea. RMNP is Ras 
Mohammed National Park. *indicates sharks that were sighted more than the two dates listed.  
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Figure 3.15: Connectivity of sharks throughout the Red Sea and Gulf of Aden. Black points 
indicate sightings location, bold black lines indicate exchange of two sharks, grey lines 
indicate exchange of one shark, red labels indicate Wildbook ID of shark, and arrows 
indicate direction of connection (DJ-109 has made multiple movements between Al Lith 
and Djibouti).  
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One additional shark (R-115) was encountered at Shuaibah, South of 

Jeddah, and then twice at Shib Habil. There were 116 days between the first 

sighting in Dec and the first record at the Shib Habil aggregation. There were 

1068 days between the two sightings at Shib Habil with the shark having a total 

1184 days time-at-liberty (Table 3.3). 

Finally, the probability of an identified shark being identified in its original 

sighting location or another part of the Red Sea was calculated. This analysis 

included the two sharks that were first identified in Djibouti. There is currently no 

evidence of any sharks that were initially sighted in the Red Sea moving to 

Djibouti, so it was not included in the “to area” calculation (Table 3.4). In 

addition, limited data accessibility for Djibouti hinders a full comparison between 

locations. Shib Habil had the highest probability (42.2%) of a shark originally 

sighted there being resighted at the same sight. North Aqaba had a resight rate 

of 10.7%, but this might be artificially high due to the limited number of sightings 

in that location. The probability of a shark sighted in one location within the Red 

Sea being resighted in another was overall low (0.68-3.57%). Analysis of the whole 

Red Sea dataset using the “movement between areas” function in SocProg 

resulted in a fully mixed population model being the best fit. However, low 

Table 3.4: The probability of a shark originally 
identified from in one area being resighted within a 
different area throughout the Red Sea  

To Area
Al Lith Egypt N. Aqaba

Al Lith 0.4221 0.0068 -

 
a Egypt 0.0065 0.0272 0.0357

N. Aqaba - 0.0068 0.1071

Djibouti* 0.0130 - -
Fro

m A
rea
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numbers of individuals moving between areas can result in imprecise estimates 

of parameters. A population estimate of 31500 individuals (95% c.i. 8800 – 

1900000) in the Red Sea was produced; however, this is likely not an accurate 

estimate of population size.  

3.4 DISCUSSION 

3.4.1 SIGHTINGS AND POPULATION DEMOGRAPHICS  

The majority of Red Sea whale sharks sightings outside of the Shib Habil 

aggregation were from the Egyptian coast, which is not surprising consider it is a 

popular dive tourism destination. Recent whale shark photo-ID efforts in Israeli 

waters have paid off with a little over 50 encounters reported along the very 

small area of coastline. There does appear to be a seasonality of sightings in 

Egypt and the Gulf of Aqaba with peaks occurring particularly in July and August 

(Figure 3.4). However, there are low numbers of sightings throughout the year, 

which is counter to the defined seasonality observed at Shib Habil. While 

consistent tourism trips could be translating to much higher levels of effort year 

round, passive acoustic monitoring at Shib Habil confirms the seasonal nature of 

that aggregation site (Cochran et al., 2016). Interestingly, yearly sightings trends 

throughout the rest of the Red Sea did not decrease during the 2017 and 2018 

seasons (during which there were few sightings at Shib Habil) (Figure 3.6).  

Whale sharks throughout the Red Sea were found to generally have the 

same sexual parity observed at Shib Habil (Cochran et al., 2016); however, 

citizen science sourced sightings had low rates of reporting the sex of individuals. 

The average size of whale sharks throughout the Red Sea (4.5 m) was 
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comparable to that found at Shib Habil (4.2 m). However the size range of sharks 

was much larger, 3-11m for the Red Sea and 3-7m at the Shib Habil aggregation. 

This difference in size range may be legitimate. While it would not be unusual to 

assume that “citizen scientists” are likely not accustomed to seeing whale sharks 

and could also be over sharks’ size. When visual estimates were compared with 

stereo-photogrammetry in Western Australia, the largest discrepancies occurred 

with sharks over 8m in length being underestimated (Sequeira et al., 2016). If 

there are indeed sharks over 9m in the Red Sea, these individuals would likely be 

mature. No mature whale sharks have been reported from the Shib Habil 

aggregation. Outreach to dive guides encouraging reporting of both sex and 

accurate size estimates could help determine if large, mature sharks are actually 

present in the Red Sea.  

3.4.2 NORTHERN RED SEA DYNAMICS  

Seasonal trends in whale shark presence in the NRS appears to be related 

to presence of potential prey items. In the Gulf of Aqaba, the seasonal spike in 

encounters may be linked to seasonal succession of zooplankton. There is some 

evidence that the highest abundances of zooplankton are in June, July, and 

August (Cornils et al., 2007). Divers and snorkelers frequently sight sharks in the 

northern Gulf of Aqaba from shore. The dynamics of zooplankton near the 

surface show higher biomass near-reef than 2km offshore (Echelman & Fishelson, 

1990), potentially bringing whale sharks into tourists’ view. There was a maxima 

observed in July that was composed of high concentrations of mysids, gamarid 

amphipods, and fish eggs (Echelman & Fishelson, 1990). Whale shark sightings in 

the Gulf of Aqaba similarly peak in July and August (Figure 3.7B), potentially 
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taking advantage of high densities of prey items. Similarly, it appears that peak 

encounter numbers in South Sinai (May, June, & July) may also correlate with 

zooplankton densities. Total zooplankton density in the region peaked from 25-

50m depth in spring and 0-25m depth in the summer months (Dorgham et al., 

2012). Near Hurghada, the zooplankton community is dominated by copepods, 

and the seasonal trends show a peak in zooplankton abundance in May, 

followed by a return to the baseline abundance in June, with a second peak in 

abundance then occurs in June and July (Abu El-Regal et al., 2018). There is a 

similar pattern of whale shark sightings numbers in the area, a small peak in May, 

followed by no sightings in June, and increased sightings in June through 

September. The south-central sightings were spread out over a much wider area, 

however it is likely that these may also be related to local abundance in 

zooplankton density.  

There were 172 unique individuals identified within the northern Red Sea from 

188 encounters, with only eight individuals being sighted more than once in the 

region. Time-at-liberty, the time between first and last sightings, ranged from 1-

3455 days (Table 3.1). The lower part of this range is comprised of two individuals 

that were sighted within the same area on two consecutive days, while the 

upper end is a single individual that was sighted three times in South Sinai over a 

total of 9.5 years (Norman et al., 2017). It is unclear if the low resight rate in the 

NRS are representative of the population or due to a bias from limited reporting 

by citizen-scientists and no concentrated survey effort. Based on the current 
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data, the NRS population appears to be made up of many transient individuals 

that are not frequently encountered a second time.  

Multiple models fit the LIR data from the NRS. These models represent an 

open (Model H) or semi-closed population (Model C&D). There are a few 

examples in the literature of study sites that may be similar to the NRS. The 

Galapagos Islands serve as a migratory hub, with sharks remaining in the area 

over a day or two, before moving on and being replaced by new individuals 

(Acuña-Marrero et al., 2014). The nature of this aggregation means that sharks 

are rarely resighted, with only one individual identified between years (Acuña-

Marrero et al., 2014). Some sharks resighted in the NRS, similar to the Galapagos, 

are only resighted a few days after the first encounter. Similar to the NRS, Utila 

Island, Honduras has year-round sightings of whale sharks with a seasonal peak 

(Fox et al., 2013). Utila has higher resight rates than the NRS, but this was likely 

driven by a consistent survey effort around the island, paired with Wildbook for 

Whale Shark encounters (Fox et al., 2013). However, 78% of sharks sighted in Utila 

were only seen in one calendar year, suggesting most individuals are relatively 

transient to the island (Fox et al., 2013). It seems likely that NRS is attracting mostly 

transient sharks, which is expected because an aggregation site has not been 

identified. 

3.4.3 REGIONAL CONNECTIVITY  

Overall, regional connections within the Red Sea are known to some 

degree. Previous research using satellite tags (Berumen et al., 2014; Cochran et 

al., 2019) and some photo-ID (Norman et al., 2017) suggested at least low levels 
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of connectivity within the Red Sea and between the Red Sea and the Gulf of 

Aden. Satellite tracks from the Shib Habil aggregation mostly showed sharks 

moving throughout the southern and south-central Red Sea. Only a handful of 

individuals moved north into Egyptian waters (Berumen et al., 2014), 

corroborating photo-ID evidence that there is generally limited within Red Sea 

migrations. 

 Although 329 unique individuals were identified, the movement of only 

two individuals between the NRS region and the Shib Habil aggregation greatly 

limited the estimation of whale shark population size in the Red Sea. An analysis 

of the Gulf of Mexico and Caribbean Sea, including five aggregation sites 

contributing 4,298 encounters with 1,361 individual sharks from 1999 to 2015 

included a regional population estimate of 2167 (±378) (95% c.i. 1696-3208) 

sharks (McKinney et al., 2017). Another regional study from the Arabian Gulf 

region included sharks from Al Shaheen, Qatar and the Gulf of Oman. In that 

study there was movement of 13 individuals between areas and a regional 

population estimate of 2837 sharks (±1243) (95% c.i. 1720-6295) (Robinson et al., 

2016). Both of these regional studies benefit from far more sightings and more 

movement of individuals between locations, allowing for a more comprehensive 

analysis of the population and more precise estimates of population size. 

Because there are no other aggregation sites that have been identified within 

the Red Sea, it seems likely that for the Red Sea overall the population models 

selected in the northern Red Sea analysis are a better representation and 

provide more reasonable population estimates. The Red Sea population is most 
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likely a small open population (mostly transient individuals joining and leaving the 

population) or a large semi-closed (some transient individuals with some resident 

individuals) one. It appears that the majority of sharks are transient throughout 

the Red Sea, with Shib Habil serving as an aggregation site for a subset of the 

population.  

 A global photo-identification study revealed that at least one individual 

was sighted at both the Djibouti and Shib Habil aggregations (Norman et al., 

2017). Additionally, conference proceedings also included information on whale 

sharks that were satellite tracked into the southern Red Sea, with two of the three 

sharks returning to Djibouti in subsequent years (Rowat et al., 2016). Several other 

tracks are public for view, however no tracks showing movements of Djibouti 

sharks moving into the Red Sea have yet been published. DJ-109 was shown to 

move between the two aggregation sites, showing a similar movement pattern 

to those reported previously. This crossover does imply that despite showing 

differences in size (Djibouti 2-7m, Shib Habil 3-7m) and sex ( Djibouti 85% male, 

Shib Habil sexual parity) demographics, these individuals likely form one larger 

population (Rowat et al., 2011). As photo databases for both regions continue to 

grow, it may become pertinent to combine the datasets to identify further 

crossover and, if possible, produce a regional population estimate.  

One of the biggest hindrances to understanding whale shark population 

dynamics fully throughout the Red Sea is the lack of information. Data deficiency 

is unsurprising, considering the understudied nature of the Red Sea (Berumen et 

al., 2013). Low encounters from Jordan and Sudan could be driven by limited 
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knowledge about the photo-identification database. Dive tourism operators 

have reported in Sudan report that whale sharks are only about 1% of their shark 

and ray (including mantas and eagle rays) sightings in Sudan (Don Questo, pers. 

communication). It is possible whale sharks and ecotourism trips are not using the 

same areas in this region at the same time, so encounters are rare. Both Yemen 

and Eritrea have no reported sightings. I have located one account of a whale 

shark dead on a beach in Eritrea, although it is not clear if it was fished or 

washed-up dead. Interestingly, Eritrean stamps have featured whale sharks on 

stamps dedicated to the Dahlak Islands' biodiversity. This may point to whale 

sharks being commonly sighted in that area, with their occurrence not yet 

reported. In addition, a guidebook to sharks in the Red Sea states, “During March 

and April as the water warms up and there is a plankton bloom, whale shark are 

regularly seen on the Sinai reefs of Egypt and also Yemeni reefs” (Stafford-

Deitsch, 1999). Although this book is not peer-reviewed work, it implies that in 

addition to being tracked into Yemeni waters using satellite tags (Berumen et al., 

2014), areas may remain where whale sharks are sighted but not reported. Of 

course, there are political considerations that will likely continue to limit the 

amount of research coming from these countries.  

3.4.4 THREATS IN THE RED SEA 

Nearly half (50.2%) of all whale sharks encountered in the Red Sea had 

some form of scarring observed. The total percentage of sharks scarred was very 

similar to those reported from Djibouti (Boldrocchi et al., 2020). However, the rest 

of the scarring data from Djibouti is presented seasonally and not able to be 
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compared to the rest of the Indo-Pacific populations that have been recently 

analyzed together (Lester et al., 2020; Penketh et al., 2020). Oslob, Cebu Island, 

Philippines remained the area with the highest percent of individuals scarred 

(94.7%), with a similarly high percentage of individuals having major scars (57%). 

The sharks at Oslob are a popular tourist attraction because they are provisioned 

(fed), so they are easy to swim with and usually present. This site in the Philippines 

exhibited a high rate of individuals with abrasions, likely caused by boats used to 

feed the sharks. (Penketh et al., 2020). For the most part, scarring rates in terms of 

position and type from the Red Sea are not exceptional when compared to the 

other sites (Ningaloo, Seychelles, & Mozambique) (Lester et al., 2020; Speed et 

al., 2008). However, quite uniquely, no scars that could be attributed to predator 

bites have been observed in the Red Sea. Lester et al. (2020) discuss the 

possibility that major scars resulting from boat or ship strike may be less prevalent 

in Ningaloo because spotter planes are used to help locate sharks for research 

and tourism. Meanwhile, the majority of the other locations, including Shib Habil, 

locate sharks from boats (whether for tourism or research), potentially leading to 

more accidental strikes. Several videos of whale sharks in Egypt show multiple 

large live-aboard vessels anchored near a whale shark while smaller 

tenders/zodiacs pass by. This dependence on boat-based observations, in 

combination with the proximity of Shib Habil to Al Lith’s main port, could lead to 

a higher occurrence of scars from vessels.  

While shipping traffic and other boat traffic appear to be prominent 

threats to whale sharks in the Red Sea, fisheries interactions also serve as a threat 
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to local populations. There is currently not an active whale shark fishery in the 

Red Sea. However, in May of 2011, a whale shark in Al Lith was accidentally 

drowned in a fisherman’s net and towed to the Al Lith coast guard facility 

(Cochran et al., 2016). In November 2019, Facebook posts praised fishermen that 

landed a whale shark in the Gulf of Suez, Egypt. A video from Djibouti in 

December 2019 showed a deceased whale shark entangled by the benthos in 

an abandoned net. Additionally, whale shark in the Red Sea photo-ID database 

(Figure 3.11B) was observed to have a rope around its caudal fin. Entanglement 

in discarded or active fishing gear appears to remain a threat in this region. The 

threat of a targeted whale shark fishery appears to be more prevalent in the 

eastern Gulf of Aden. A small number of whale shark carcasses have been 

observed on beaches at the Yemeni island of Socotra (J. Spaet, pers. 

communication). Local fishermen report that whale shark observations in the 

area have become rare, but the sharks are still actively targeted when possible 

as the fishermen receive approximately 200 USD per whale shark fin, which are 

exported to Asian markets (J. Spaet, pers. communication). Currently, the 

number of whale sharks bycaught (accidentally caught in fishing gear), ghost-

fished (entangled in discarded fishing gear), or actively targeted in fisheries is not 

well known, and requires further assessment.  

3.4.5 CURRENT AND FUTURE TOURISM  

The effects of Egyptian tourism on NRS and overall Red Sea sightings 

cannot be ignored. Photo-identification collection that is dependent on 

ecotourism can be biased by seasonality, weather, distance from shore, and 
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even time of day (McKinney et al., 2017). Performing any form of sightings per 

unit analyses with citizen science-based data is not possible, as there is no 

definitive way to acknowledge how much time was spent “searching” vs. a 

shark appeared during a dive. The work by McKinney et al. (2017) in the western 

Atlantic also indicated that dedicated initiatives are necessary to raise 

awareness and encourage participation. Despite these caveats, without a 

current monitoring plan or dedicated research group more closely examining 

whale sharks throughout the Red Sea, citizen science data can contribute to a 

better understanding of regional dynamics.  

 While there are obvious positives to getting data through citizen science 

and tourism initiatives, tourist interactions with megafauna are not always well 

managed. Although there were only 35 encounters during which negative 

tourism behavior was observed, these are likely not isolated incidents. The photos 

and videos uploaded only provide a momentary snapshot of the tourists’ 

interaction with the shark. I cannot rule out that negative tourism interactions 

with sharks were not more common and could not be observed through the 

existing photos. Unfortunately, at this time, there is no concerted effort to 

understand the effects that irresponsible tourism in the Red Sea is having on 

sharks. Figure 3.16 shows a variety of inappropriate tourism behavior observed. 

Though most sightings of inappropriate tourism were from the northern Red Sea 

(likely driven by citizen science submissions while Shib Habil is more research-

based), this does not mean that these incidents do not occur in Saudi Arabia. In 

July of 2020, a video was circulated on social media that showed a “brave” man 
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in Yanbu climbing onto a whale shark’s head while it was feeding next to a boat. 

There do not appear to be any wildlife (shark or other megafauna) interaction 

guidelines that are enforced or even suggested in the region. It is not surprising 

that tourists do not know how to interact with whale sharks appropriately if there 

is not an established code of conduct that they are briefed on before entering 

the water. 

 

More recently, efforts have been made to encourage tourists and local 

divers/snorkelers to report sightings. An Instagram page called “Red Sea Photo 

ID” was established by Lyndsey Tanabe (a fellow KAUST Ph.D. student) and 

Figure 3.16: Examples of inappropriate tourism behavior in the northern Red Sea, observed through Wildbook for 
Whale Shark submissions. A A diver touches a whale shark and poses for a photo. B A diver using a scooter 
closely approaches a whale shark. C A group of 12 (possibly more) snorkelers surrounds a whale shark, including 
one individual reaching out to grab the shark’s first dorsal fin. D A whale shark is surrounded by multiple vessels.  
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myself to engage more people in citizen science focused on manta, turtle, and 

whale shark photo-identification along the Saudi Arabian coast. Content is 

currently focused on discussing the ongoing projects, promoting the research 

benefits of participation, and discussing what photos/data are necessary for our 

projects. In addition, two Facebook groups have been established to gather 

shark data in the NRS and the Gulf of Aqaba. These groups frequently promote 

research and collect sightings data, including whale sharks. Finally, Red Sea 

Sharks (redseasharks.org) is a project that focuses on photo identification of 

other species of sharks within the Red Sea but has contributed sightings to the 

ongoing whale shark research. However, what is most important is establishing a 

dialog with all of the people involved running these different outreach groups to 

make the most out of these social media resources.  

Part of Saudi Arabia’s Vision 2030 is the development of three 

GigaProjects along the northern Red Sea coast of Saudi Arabia. This includes 

NEOM, AMAALA, and The Red Sea Development Company (TRSDC). All of these 

development efforts are accompanied by goals for sustainability and tourism. 

Sustainability efforts are paired with increased observers along the coast 

surveying for the marine environment at these sites. Observers may have a 

chance encounter with whale sharks, and if a protocol to report sightings to 

Wildbook for Whale Sharks is in place, the Red Sea dataset would benefit.  

As tourism increases at these sites, encounters with whale sharks and other 

megafauna of interest. The GigaProjects should require that, within their special 

economic zones, tourism companies participating in dive, snorkeling, or water-



123 
 

based activities must report interactions with megafauna and adhere to strict 

codes of conduct. Importantly, photo-ID can serve as an interactive form of 

tourism, engaging visitors in local research initiatives. The projects could provide 

the option for visitors to “adopt” a whale shark (the one they photographed), 

through which they could receive updates if the shark is resighted. Efforts like this 

can keep visitors engaged with a research project or company after returning 

home from their holiday.  

 Forming a collaborative network between the environmental divisions of 

these developments would provide extensive coverage of the northern Saudi 

Arabian coast. While photo-identification would immediately benefit from these 

kinds of collaborative networks, traditional mark-recapture tagging projects and 

passive acoustic tag monitoring networks (e.g., Young et al., 2020) would also 

have great potential. If NEOM, AMAALA, TRSDC, and KAUST deployed a 

collaborative network of acoustic receivers for tagged species, nearly 800 km of 

the Saudi Arabian coastline could be covered.  

3.5 CONCLUSIONS 

There is still much to be learned about whale shark populations 

throughout the Red Sea. Unfortunately, several countries have no or very few 

reports of sharks, which limits our full understanding of the basin. At this time, it 

appears that the sex ratio of equal numbers of males and females is also 

exhibited throughout the rest of the Red Sea. However, due to the low numbers 

of sightings that had reports of sex, this must be interpreted with caution. The NRS 

population estimates suggest either a small open population or a large semi-
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enclosed one. Multiple models were best fit due to low resight rates limiting the 

analysis. While an overall population estimate for the Red Sea was produced, 

the limited identification of individuals moving between the NRS and Shib Habil 

affects the estimate's precision. Tourism and citizen science have provided an 

excellent resource through submissions to Wildbook for Whale Sharks. More 

education from dive shops and via social media could improve reporting. Most 

importantly though, interactions with sharks should adhere to a code of conduct 

that should be established throughout tourism companies or relevant tourism 

regulatory bodies in all countries bordering the Red Sea (e.g., Mau, 2008; Pierce 

et al., 2010) 

Additional connectivity within the basin was identified, and the first record of a 

shark moving between Djibouti and Shib Habil multiple times was established. This 

initial evidence of movements between another aggregation site, paired with 

previous results of individuals migrating to the Indo-Pacific, brings into question 

just how connected Red Sea whale sharks are to this larger population. In 

Chapter 4, I will use population genetic methods to assess the connections of 

Red Sea whale sharks with the Indo-Pacific. 
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CHAPTER 4: PIECES IN A GLOBAL PUZZLE: POPULATION GENETICS AT TWO WHALE SHARK 
AGGREGATIONS IN THE WESTERN INDIAN OCEAN 

 

4.1 INTRODUCTION 

In the previous two chapters, I have discussed whale sharks within the Red 

Sea at two different scales, focused on the Shib Habil aggregation site and 

throughout the entire Red Sea basin. While the citizen science sourced 

encounters had limited demographic data, it appears that sharks sighted at the 

Shib Habil aggregation may be representative of the whole Red Sea population. 

Satellite telemetry (Berumen et al., 2014; Cochran et al., 2019) and photo-ID 

(Norman et al., 2017 and Chapter 3) show that Red Sea whale sharks have 

connections to the broader Indo-Pacific and the neighboring aggregation 

found in Djibouti. Some additional reports and unpublished satellite tracks 

suggest that additional whale sharks move into the southern Red Sea from the 

Djibouti aggregation (e.g., Rowat et al., 2016). This information raises the 

question, to what degree is the Red Sea population connected to the rest of the 

Indo-Pacific? 

At this time, the amount of crossover appears to be quite limited, which is 

the status quo for the vast majority of the western Indian Ocean to date. A 

recent study found no evidence of interchange between whale sharks from the 

Arabian Gulf with eastern African sharks through either photo-identification or 

stable isotopic data (Prebble et al., 2018). Other broad photo-identification 

studies within the region (Andrzejaczek et al., 2016; Brooks et al., 2010; Norman et 

al., 2017; Robinson et al., 2016) have not shown direct confirmation of 
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connectivity between aggregation sites, and neither has the available telemetry 

data (Brunnschweiler et al., 2009; Cagua et al., 2015; Cochran et al., 2019; 

Robinson et al., 2017; Rohner et al., 2020). While these methods have been 

successfully used to describe local population structure and track movements 

within and away from aggregation sites, they are somewhat limited in space 

and time by their focus on the known aggregations (Sequeira et al., 2012). 

Mature males, sub-adult females, and neonates of both sexes are 

underrepresented in much of the current data (Norman et al., 2017). Genetic 

comparisons among aggregations can provide a more holistic view of species’ 

demographics. Patterns in molecular data can reflect not only the connectivity 

of the sampled individuals, but the behaviors of previous generations across an 

evolutionary time-scale. These analyses can be used to understand population 

dynamics throughout history.  

Three independent global investigations of whale shark population 

genetics have been conducted to date: one using a mitochondrial control 

region (Castro et al., 2007), one using microsatellite loci (Schmidt et al., 2009), 

and one utilizing both methods (Vignaud et al., 2014). The first global study 

analyzed the mitochondrial control region of 70 samples from 10 different 

locations, grouped into five ocean basins (Atlantic (n=19), western Indian (n=18), 

eastern Indian (n=12), northwest Pacific (n=12), and northeast Pacific (n=8)), due 

to low sample sizes from some sites. Results showed slight differences in 

haplotype frequencies between the division of Indo-Pacific and Atlantic Ocean 

basins, suggesting potential genetic structure (Castro et al., 2007). Overall 
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conclusions pointed to at least basin-wide connections, with the caveat that 

due to the relatively low sample size, global connections could not be ruled out 

(Castro et al., 2007). Microsatellite loci were used in a second global assessment 

(Schmidt et al., 2009). Once again, a severe limitation on the study was a 

general lack of sample size with 68 individuals from 10 locations, broadly 

grouped into Atlantic (n=7), Indian (n=49), and Pacific Ocean (n=11) groups. 

Although the results suggest a single global population, results are presented with 

caution due to the low sample size. With continued sampling, the authors 

suspected that more differentiation between the Indo-Pacific and Atlantic 

would arise (Schmidt et al., 2009).  

A third global assessment was performed using both microsatellite and 

mitochondrial markers, which included over 600 individuals sourced from nine 

locations (the Red Sea, Djibouti, the Seychelles, Maldives, Mozambique, Western 

Australia, Taiwan, the Philippines, Mexican Gulf of California, and Mexican 

Atlantic) spanning multiple ocean basins (Vignaud et al., 2014). This study 

confirmed what results from the earlier mitochondrial, and microsatellite results 

suggested: that there are two global populations (Castro et al., 2007; Schmidt et 

al., 2009; Vignaud et al., 2014). High genetic structure was found between 

Atlantic and Indo-Pacific individuals, which suggests that if there is mixing 

between the populations, it is not enough to counteract the ongoing genetic 

drift. However, all three studies suggest little population structure between sharks 

from sites throughout the Indo-Pacific (Castro et al., 2007; Schmidt et al., 2009; 

Vignaud et al., 2014).  
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Recent research has provided additional whale shark sequences from 

understudied or new locations. One of these studies uses whale shark genetic 

material extracted from a commensal copepod found on whale sharks to add 

27 new sequences to underrepresented regions like the Seychelles and 

Mozambique (Meekan et al., 2017). Research from the Qatari whale shark 

aggregation recovered similar haplotype frequencies between tissue samples 

from free-swimming sharks and environmental DNA (eDNA) samples, 

strengthening eDNA's potential to be used for future population genetic studies 

(Sigsgaard et al., 2016). Additionally, the study reliably placed the Qatari 

aggregation within a global context, showing that individuals sampled there 

were not significantly different from sequences obtained from other locations 

within the Indo-Pacific (Sigsgaard et al., 2016). Finally, a more recent study re-

estimated genetic population structure with 28 new sequences from Japan 

(Yagishita et al., 2020). Once again, these results showed significant differences 

between the Atlantic and Indo-Pacific and no significant structure within the 

Indo-Pacific (after Bonferroni corrections) (Yagishita et al., 2020).  

In addition to the delineation of basin-scale populations, one of the global 

comparison studies demonstrated a six-year decline in the genetic diversity of 

whale sharks sampled from Western Australia (Vignaud et al., 2014). Despite 

these localized declines in genetic diversity, the same study found evidence of a 

recent population expansion within the Indo-Pacific (Vignaud et al., 2014). The 

proposed population expansion for the Indo-Pacific as a whole has been 

corroborated by more recent work (Yagishita et al., 2020). However, local 
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assessments of temporal trends in genetic diversity have not been conducted at 

any aggregation outside of Western Australia.  

Twenty-six samples from the Red Sea were included in Vignaud et al. 

(2014) and two subsequent studies (Meekan et al., 2017; Yagishita et al., 2020). In 

these studies, the 26 individuals were shown to be well connected to the broader 

Indo-Pacific population. In addition to these other works, for my MSc, I 

investigated population connectivity between two demographically distinct 

aggregations: Shib Habil and Mafia Island, Tanzania. For these analyses, I utilized 

microsatellite loci to show that individuals from both aggregation sites are part of 

one population, despite being separated by approximately 4000km 

(Hardenstine, 2015). It was not entirely surprising they belong to one population. 

The lack of population-level genetic differences is interesting because the sites 

differ demographically (i.e., sex ratios) and behaviorally (i.e., residency patterns). 

Additionally, to compare to the decline in genetic diversity observed at 

Ningaloo, I analyzed allelic richness to determine if, over a similar six-year-period, 

the genetic diversity at the Shib Habil aggregation changed. Results showed that 

allelic richness within the Red Sea was stable from 2010-2015 (Hardenstine, 2015), 

suggesting no significant genetic diversity changes over time.  

 Microsatellite markers are useful, but differences in the chosen loci and 

scoring biases make results extremely difficult to compare among studies. Using 

the whale shark mitochondrial control region will allow for the incorporation of 

sequences from published sources to build a global comparison. Because my 

previous microsatellite work included samples from Tanzania, they were 
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sequenced and included in the subsequent analyses here. In a discussion about 

the Red Sea’s connection to other locations globally, it seemed pertinent to 

include as many sequences and aggregation sites as possible.  

In this chapter, I will increase the number of whale shark sequences 

available for the Red Sea and provide the first control region sequences from the 

Tanzania aggregation. Interannual genetic diversity will be analyzed using 

mitochondrial methods to strengthen the comparison to the declines described 

previously from Western Australia. Finally, the new sequences will be analyzed 

alongside previously published data and used to generate two updated global 

haplotype networks. This will be used to describe global population structure and 

demographic history of whale sharks.  

4.2 METHODS  

4.2.1 FIELD SITES  

Shib Habil is a submerged reef platform in the Red Sea, approximately five 

kilometers from the Saudi Arabian port city of Al Lith (Figure 4.1). This site attracts 

juvenile whale sharks of both sexes, though shark presence is highly seasonal. 

Most whale shark encounters at Shib Habil occur in March, April, or May 

(Cochran et al., 2016), and the animals disperse once the season ends (Berumen 

et al., 2014). The Tanzanian aggregation is located in Kilindoni Bay to the 

southwest of Mafia Island (Figure 4.1). There, most of the sharks are juvenile males 

and are commonly seen feeding on sergestid shrimp from November through 

February, with sightings declining through March (Rohner et al., 2015). Recent 

acoustic telemetry has revealed that many sharks remain cryptically present 
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within Kilindoni Bay or close by year-round, some over multi-year time-scales 

(Cagua et al., 2015; Rohner et al., 2020). 

 

4.2.2 SAMPLE COLLECTION 

Whale shark tissue was collected over six seasons in Saudi Arabia (2010-

2015) and over two seasons in Tanzania (2012-2014). Sampling at both sites 

occurred during their respective whale shark watching seasons and followed the 

same procedure. Snorkelers approached free-swimming whale sharks, and tissue 

samples were taken using a Hawaiian sling pole-spear fitted with a biopsy tip. 

Size estimates were made by experienced researchers, and sex was noted (see 

Chapter 2, 2.2.1 visual census survey and 2.2.3 photo-identification methods). 

km 

Figure 4.1: Two sampling locations. Center: Both locations shown in regional 
context. Shib Habil, Saudi Arabia highlighted in red box and expanded to the left. 
Mafia Island, Tanzania highlighted in blue box expanded on the right. (Maps by 
MF Campbell Jr.) 
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Sharks were checked for previous biopsy scars or other identifying features to 

avoid repetitive sampling of the same individuals. Identification photos were also 

taken and analyzed using both the Groth (Arzoumanian et al., 2005; Groth, 1986) 

and the Interactive Individual Identification System (I3S) (Van Tienhoven et al., 

2007) algorithms to identify individuals and remove duplicate samples before 

further analysis (Cochran et al., 2016; Rohner et al., 2015). After collection, 

samples were preserved in one of two ways. The majority were immediately 

transferred to 70-90% ethanol. In cases where ethanol was not available in the 

field, samples were put on ice and transferred to a freezer after returning to 

shore. All samples were eventually placed in 90% ethanol and kept at -20°C for 

long-term storage.  

4.2.3 DNA EXTRACTION AND PCR 

Each sample consisted of white, subcutaneous tissue and a black dermal-

cap. The dermal-cap was separated with a scalpel and used for all further 

analysis. DNA was extracted using one of two kits, the DNeasy Blood and Tissue 

Kit (Qiagen Inc.) or the NucleoSpin Tissue Kit (Macherey-Nagel), following the 

respective kit instructions. The whale shark control region (primers WSCR1-F and 

WSCR2-R) from Castro et al. (2007) was chosen for comparison with previous 

studies and publicly available sequences. A total of 12.5 µL was put in each well 

for the reaction, including 6.25 µL of Master Mix (Qiagen Inc.), 4.25 µL of water, 

0.5 µL of each primer, and 1 µL of template DNA. The thermocycler program was 

as follows: 95 °C for 15 min; 35 cycles of 94 °C for 60 seconds, 58 °C for 60 

seconds, and 72 °C for 45 seconds; and a final elongation step at 72 °C for 10 

minutes. A subsample of the PCR product was checked using Qiaxcel (Qiagen 
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Inc.). Following this, PCR products were cleaned using ExoSap-IT (Affymetrix). 

Purified products were sequenced in the KAUST Bioscience Core Laboratory 

using an ABI 3730xl platform. 

4.2.4 MITOCHONDRIAL MARKER ANALYSIS  

Mitochondrial sequences were aligned, edited, and trimmed using 

Geneious R7, and the original sequences will be uploaded to GenBank. Whale 

shark control region sequences from previous studies (Castro et al., 2007; 

Meekan et al., 2017; Ramírez-Macías et al., 2007; Sigsgaard et al., 2016; Vignaud 

et al., 2014; Yagishita et al., 2020) were incorporated into the alignment for 

subsequent analyses (Appendix C, Supplementary Information 4.1).  

Several prior studies (Meekan et al., 2017; Vignaud et al., 2014; Yagishita et 

al., 2020) discarded the gaps in the alignment to facilitate ease of analysis and 

eliminate the possibility of analyzing artificial sequencing errors. However, these 

gaps could also represent bioinformative deletion/insertion mutations and have 

been included in other previous works (Castro et al., 2007). In order to investigate 

the bioinformatic value of these regions, the Roehl data files for the haplotype 

network constructions were generated twice, with the gaps and without. All 

subsequent analyses were conducted separately on both sets of data. In the 

main text, I have largely focused on the gap-inclusive results, while the gap-

exclusive data is fully available in Appendix C. Haplotype statistics and Roehl 

data were generated using DnaSP vers. 5.0 (Librado & Rozas, 2009) for 

subsequent haplotype network analysis. Within the Roehl data file, all the non-

variable sites in the alignment were discarded. Evolutionary relationships among 

whale shark mitochondrial haplotypes were assessed with a median-joining 
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network constructed with the program NETWORK vers. 4.5.1.0 (www.fluxus-

engineering.com/network_terms.htm) using default settings. 

In Arlequin vers. 3.5 (Excoffier & Lischer, 2010), each sampling site was 

treated as a population, and genetic structure was tested with analysis of 

molecular variance (Nei & Jin, 1989) with 10,000 permutations, using the T92 

substitution model (Tamura, 1992) with a gamma shape parameter of 0.48, 

which was obtained from MEGA vers. 7.0.14 based on the lowest BIC value. This 

model aims to estimate the genetic divergences between pairwise samples 

using Fst based on haplotype frequencies and molecular divergence. The 

resulting p-values were compared to both a standard α (0.05) and a multiple-

comparisons-corrected α (0.01) (Narum, 2006). Several metrics of genetic 

diversity, including the haplotype diversity (h) and nucleotide diversity (π), were 

calculated for each location, and all samples combined, using Arlequin vers. 3.5 

(Excoffier & Lischer, 2010). Haplotype diversity within the Saudi Arabian Red Sea 

(Shib Habil aggregation) was also calculated and compared among years using 

a Mann-Kendall trend test (Kendall, 1955; Mann, 1945) to assess temporal 

fluctuation in the genetic makeup of the aggregation. Several neutrality 

statistics, including Tajima’s D, Fu’s Fs, and Harpending’s raggedness index (HRI), 

were calculated (again using Arlequin vers. 3.5 (Excoffier & Lischer, 2010)) to 

detect evidence of any recent population expansions within each location, and 

for all samples combined. Fu’s Fs is known to be extremely sensitive and possibly 

confounded by species-specific recombination rates (Ramirez-Soriano et al., 

2008). These rates are unknown for the whale shark, making Fu’s Fs somewhat 
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unreliable for this species. It has been included to facilitate comparison with 

previous work. 

4.3 RESULTS 

4.3.1 SAMPLE DEMOGRAPHICS  

The final dataset included 117 sequences from this work (Tanzania n=57, 

Saudi Arabia n=60). Previous work included 26 sequences from Saudi Arabia 

(Vignaud et al., 2014; Yagishita et al., 2020); we have updated the sequencing 

for 16 of these individuals and sourced another eight directly from online 

databases. This resulted in 68 individuals from Saudi Arabia consisting of 33 

females, 27 males, and 8 unknown sex, with an average estimated total length 

of 4.04 meters (range: 3-7m). Tanzanian sharks consisted of 7 females, 48 males, 

and 2 unknown sex, with an average length of 5.99 meters (range 3.5-8m). 

Overall our samples account for 50% of the photo-identified sharks from Shib 

Habil (KSA)(Cochran et al., 2016) and 41% of sharks photo-identified from Mafia 

Island, Tanzania (Prebble et al., 2018). 

4.3.2 TRENDS IN GENETIC DIVERSITY 

Genetic diversity within the Saudi Arabian aggregation was analyzed over 

the six-year sampling period (however, no samples were collected in 2014). 

Mitochondrial analysis showed no changes in genetic diversity over the six-year 

period, with haplotype diversity remaining stable from 2010 (haplotype diversity: 

0.859) to 2015 (0.940) (Mann-Kendall trend test, tau=0.600, p=0.221) (Table 4.1). 

These results are consistent with microsatellite results (Hardenstine, 2015) that 

showed little year-to-year variation in allelic richness (range 2.93-3.16), which also 
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showed no consistent direction trend (Mann-Kendall trend test, tau=0.316, 

p=0.613) (Table 4.1). This pattern of stability was also maintained when only the 

first (2010, allelic richness: 4.30) and final (2015, 4.32) sampling years were 

compared, confirming that genetic diversity remained constant over the six-year 

period and that low sample sizes in specific years did not bias the overall pattern. 

 

4.3.3 GLOBAL STRUCTURE 

An initial alignment of 816 sequences of individuals was created with the 

117 sequences from this study and 699 publicly available sequences (Appendix 

C, Supplementary Table 4.1). A final 673 bp control region fragment was used for 

subsequent analyses. The alignment contained 328 variable sites, including 

sequence gaps, resulting in 192 identified haplotypes. For all sampling locations, 

there was an average haplotype diversity of 0.944 (range: 0.85-1.00) and 

average nucleotide diversity of 0.12 (range: 0.05-0.17) (Table 4.2).  

The haplotype network was divided into four major lineages with no clear 

pattern in how haplotypes were distributed among aggregation sites (Figure 4.2). 

Table 4.1: Temporal genetic diversity of Saudi Arabian Red Sea (Shib Habil) whale sharks. 
Microsatellite N is number of individuals for which microsatellite data were available from each 
season.*Allelic richness rarefaction run on samples from only the first and last seasons. 
(Microsatellite values from Hardenstine, 2015) Mitochondrial N is number of individuals for which 
mitochondrial sequence data were available and haplotype diversity for each season. There was 
no genetic sampling in 2014. 
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The one exception to this general lack of geographic structure was the 

disproportionate grouping of Atlantic samples within lineage 4 (Figure 4.3). This 

was also reflected in the statistical analysis of the mitochondrial sequences, 

which revealed relatively strong (mitochondrial Fst = 0.0532-0.1456) and 

significant (p < 0.05) differences between the Atlantic samples and those from 

the Indo-Pacific sites (Table 4.3). The analysis also showed some smaller 

(mitochondrial Fst = -0.004-0.023) but still statistically significant (p < 0.05) 

differences among Indo-Pacific aggregations. The Maldives exhibited some 

stronger differences to other Indo-Pacific sites (mitochondrial Fst = 0.0325-0.0482), 

but this could be attributed to the limited number of samples available from this 

region (Table 4.3). Removing sequence gaps did not substantially affect the 

results (Appendix C, Supplementary Table 4.2). Overall, the gap-inclusive and -

exclusive networks exhibited similar geographic distributions of haplotypes and 

patterns of population structure (Table 4.3, Supplementary Table 2.4).
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Table 4.3: Population pairwise Fst and p-values based on haplotype frequencies (gaps considered informative).  
- Not significant; + p< 0.05; ++ p< 0.01 (corrected for multiple comparisons) 
 

Table 4.2: Measures of genetic diversity at each location (gaps considered); number of sequences (n), number of haplotypes (Nhp), haplotype 
diversity (h), and nucleotide diversity (𝜋𝜋), Tajima’s D, Fu’s Fs, and Harpending’s raggedness index (HRI). NS Not significant; + 0.01< P < 0.05; ++ P < 
0.01 (corrected for multiple comparisons) 
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Figure 4.2: Relationships of Rhincodon typus haplotypes, from 13 different geographic locations (color in legend), in median-joining network created using 
whale shark control region sequences where gaps were considered informative. Each circle represents a unique haplotype and is proportional to total 
haplotype frequency. Branches connecting circles represents a single nucleotide substitution; black cross-bar represents an additional nucleotide 
substitution; black double slash bars represents more than 10 nucleotide substitutions (exact numbers noted). Areas encompassed by dashed lines 
represent four putative lineages.  
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Figure 4.3: Locations from this study and sequences sourced from previous publications, and haplotype lineage composition of Rhincodon typus 
individuals at each aggregation site (numbers in legend). Circles display the lineage composition of individuals sequenced from that aggregation 
(colors representing four putative haplotype lineages in legend) and circle size is proportional to the number samples.  
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This was also reflected in the statistical analysis of the mitochondrial sequences, 

which revealed relatively strong (mitochondrial Fst = 0.0532-0.1456) and 

significant (p < 0.05) differences between the Atlantic samples and those from 

the Indo-Pacific sites (Table 4.3). The analysis also showed some smaller 

(mitochondrial Fst = -0.004-0.023) but still statistically significant (p < 0.05) 

differences among Indo-Pacific aggregations. The Maldives exhibited some 

stronger differences to other Indo-Pacific sites (mitochondrial Fst = 0.0325-0.0482), 

but this could be attributed to the limited number of samples available from this 

region (Table 4.3). Removing sequence gaps did not substantially affect the 

results (Appendix C, Supplementary Table 4.2). Overall, the gap-inclusive and -

exclusive networks exhibited similar geographic distributions of haplotypes and 

patterns of population structure (Table 4.3, Supplementary Table 2.4). 

4.3.4 DEMOGRAPHIC HISTORY 

The gap-inclusive network was characterized by a highly interconnected, 

web-like structure, an indication of population stability (Figure 4.2). This was 

reflected in the neutrality statistics. Tadjima’s D was non-significant for most study 

sites (Table 4.2) and for the Indo-Pacific overall (D = -1.23, p > 0.05). Fu’s Fs was 

non-significant for every individual study site but was significant for the Indo-

Pacific as a whole (Fs = -23.31, p < 0.05). Both tests were non-significant for the 

Mexican Atlantic, as were the HRI values for all sites and both ocean basins.  

Unlike population structure, the demographic history results shifted 

dramatically when the gap data was removed. The haplotype network formed 

a series of star-shaped clusters more indicative of recent population expansions 

(Appendix C Supplementary Figure 4.1). Tadjima’s D was negative for all Indo-
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Pacific study sites, and significantly so for most (Appendix C Supplementary Table 

4.3). More importantly, D was both negative (-1.45) and significant (p < 0.05) 

when these sites were pooled together and tested as a whole. Fu’s Fs values 

were more regionally varied, with seven Indo-Pacific sites having positive Fs 

values and five sites having negative values. Only Tanzania showed significant 

evidence of a regional expansion (Fs = -10.32, p < 0.01). Despite these varied 

regional results, Fu’s Fs indicated significant historical expansion of the Indo-

Pacific population overall (Fs = -23.41, p > 0.05). The Mexican Atlantic never 

showed significant deviation from population neutrality. The HRI was never 

significant for any sampling site, nor was it significant for the Indo-Pacific 

collectively.  

4.4 DISCUSSION 

Here I nearly quadruple the number of sequences available from the Red 

Sea (Shib Habil aggregation) and present the first genetic sequences from the 

Mafia Island, Tanzania aggregation. Haplotype diversity was stable at the Saudi 

Arabian aggregation over the six-year sampling period, continuing to contrast 

the declines from Western Australia directly. Both Tanzania and the Red Sea are 

shown to attract sharks that are part of a single, basin-scale population that 

extends throughout the Indo-Pacific. Globally, results corroborate the division of 

whale sharks into distinct Atlantic and Indo-Pacific populations but call into 

question recent population expansions proposed by previous work (Vignaud et 

al., 2014; Yagishita et al., 2020).  
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4.4.1 TRENDS IN GENETIC DIVERSITY  

Based on both the microsatellite (Hardenstine, 2015) and mitochondrial 

(this study) data, whale shark genetic diversity at the Saudi Arabian aggregation 

appears to have been stable from 2010 through 2015. This result provides the first 

counterexample to the declines in diversity reported in Western Australia from 

2007 to 2012. Based on present results and previous studies (Meekan et al., 2017; 

Vignaud et al., 2014; Yagishita et al., 2020), Western Australia and Saudi Arabia 

are both parts of a single Indo-Pacific population. The declines in Western 

Australia, and the absence of declines in Saudi Arabia, suggest that the former’s 

losses of genetic diversity are the result of local processes as opposed to global- 

or population-scale phenomena (Vignaud et al., 2014). It is also possible, given 

the distance between the two sites, that there is simply a lag-time between 

impacts on one portion of the population affecting another. If this is the case, 

then continued monitoring in Saudi Arabia might eventually be expected to 

detect declines similar to those reported from Western Australia.  

Several potential threats may disproportionately affect whale sharks from 

Western Australia when compared to those from the Saudi Arabian Red Sea, 

including natural predation as well as anthropogenic pressures. Two predators 

are known to attack and occasionally kill whale sharks: the killer whale Orcinus 

orca (O’Sullivan & Mitchell, 2000) and the white shark Carcharodon carcharias 

(Fitzpatrick et al., 2006). Both are relatively common along the western coast of 

Australia (McAuley et al., 2017; Pitman et al., 2015), but rare (Costa et al., 2019; 

Notarbartolo Di Sciara et al., 2017) or absent (Golani & Bogorodsky, 2010) within 

the Red Sea. This difference is reflected in the prevalence and types of scars 
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reported from whale sharks in the Saudi Arabian Red Sea and Western Australia. 

Scarring consistent with boat strikes is commonly seen at both sites (Cochran et 

al., 2016; Speed et al., 2008), although scars directly attributed to boats are less 

frequent in Western Australia than in Saudi Arabia (Lester et al., 2020). 

Conversely, bite marks have not been documented in Saudi Arabia ( Cochran et 

al., 2016, and Chapter 3), while in Western Australia, 4.8-11% of individuals had 

predator bite scars (Lester et al., 2020; Speed et al., 2008). In addition to natural 

predators, Western Australia is also in relatively close proximity to several historical 

whale shark fisheries (Fowler et al., 1997; Riley et al., 2009; White & Cavanagh, 

2007), and at least one that is still actively targeting these animals (Li et al., 2012). 

In contrast, there are no known current or former fisheries dedicated to landing 

whale sharks within the Red Sea. 

Conversely, other threats (particularly boat strikes) are arguably more 

prevalent in the Red Sea, given its status as one of the world’s busiest shipping 

lanes (Stevens, 2007). The use of spotter planes to alert tourism boats to whale 

shark locations within Ningaloo Marine Park may decrease the threat of collisions 

in that immediate area. At Shib Habil, tourism operations rely exclusively on boat-

based surveys, increasing the potential risk of boat strike (Lester et al., 2020). 

Furthermore, the loss of genetic diversity reported from Western Australia does 

not necessarily correspond to declines in local whale shark abundance (Vignaud 

et al., 2014). While the different trends in genetic diversity in Saudi Arabia and 

Western Australia certainly warrant additional investigation, it is important to 

remember that both the stability shown for Saudi Arabia and the declines shown 

for Western Australia are based on just six years of data from each site. These are 
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relatively short time series when compared to the potential life span of the whale 

shark (Ong et al., 2020). Continued sampling at both sites and other 

aggregations could substantially improve this comparison and help identify the 

exact causes of the decline in genetic diversity shown for Western Australia 

(Vignaud et al., 2014). 

4.4.2 GLOBAL STRUCTURE 

Both haplotype networks revealed relatively small but statistically 

significant differences between Indo-Pacific aggregations (Table 4.3, Appendix 

C Supplementary Table 4.2). This is consistent with previous research on whale 

shark population genetics (Vignaud et al., 2014; Yagishita et al., 2020). Given the 

low Fst values, previous studies have simply dismissed these differences as either 

ecologically negligible or (in the case of the Maldives) likely artifacts of small 

sample sizes (Vignaud et al., 2014; Yagishita et al., 2020). This conclusion is also 

supported by more general guidelines for interpreting Fst that describe values 

below 0.05 (as is the case for all Indo-Pacific comparisons in the present study) as 

relatively weak indicators of population structure (Hartl & Clark, 1997). In short, 

while these differences might warrant further investigation, they are not sufficient 

evidence to justify further subdivision of the Indo-Pacific population. 

Most importantly, the much larger differences recorded between the 

Atlantic and Indo-Pacific corroborates the existence of two basin-scale whale 

shark populations. The first global haplotype network for whale sharks was built 

using 69 samples from 6 aggregations and split the species into distinct Atlantic 

and Indo-Pacific populations (Castro et al., 2007). This original network was 
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updated in 2014 (Vignaud et al.), 2017 (Meekan et al.), 2020 (Yagishita et al.), 

and again in the present study, which used 816 samples from 13 sites. Despite 

improvements to the analysis and more than an order of magnitude increase in 

sample size, the division of whale sharks into Atlantic and Indo-Pacific 

populations has remained consistent across studies and is unchanged here. 

4.4.3 DEMOGRAPHIC HISTORY 

Two previous studies used neutrality statistics and other methods to detect 

recent expansions in the Indo-Pacific whale shark population (Vignaud et al., 

2014; Yagishita et al., 2020). Both of these studies excluded gap regions from their 

mitochondrial alignments, and both found strong evidence for population 

expansion (Vignaud et al., 2014; Yagishita et al., 2020). These prior results are 

consistent with the gap-exclusive mitochondrial network from the present study. 

Qualitatively, the network formed a series of star-like structures indicative of 

recent population fluctuations (Appendix C, Supplementary Figure 4.1). More 

quantitatively, Indo-Pacific D and Fs were significantly negative (indicating 

recent expansion in both cases) (Appendix C, Supplementary Table 4.3). The 

evidence for population expansion became much weaker when gap regions 

were analyzed. The network formed the more interconnected web-like structures 

typical of stable populations (Figure 4.2) and the Indo-Pacific D was not 

significant.  

Fu’s Fs remained significantly negative when gaps were analyzed, but this 

may be attributed to the metric’s oversensitivity or to the potential confounding 

effects of species-specific recombination rates (Ramirez-Soriano et al., 2008). 
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Similarly, HRI values were insignificant for all sites. This is consistent with Yagishita 

et al. (2020), who found insignificant HRI values for whale sharks in the Atlantic, 

where most other metrics indicated a stable population. Finally, the microsatellite 

data from Saudi Arabia and Tanzania supports population stability at these two 

sites, lending some support to the more general stability indicated by the gap-

inclusive mitochondrial network (Hardenstine, 2015). These mixed results raise 

some doubt on the recent population expansions proposed by earlier studies 

(Vignaud et al., 2014; Yagishita et al., 2020).  

The differences between the gap-inclusive and -exclusive networks also 

highlight the potential effects of relatively minor methodological changes on 

final results. The gaps themselves were highly varied, and their positions within the 

alignment were consistent across samples from different studies and geographic 

regions. This suggests that they are unlikely to be artifacts of sequencing or 

analytical methodologies and are most likely bioinformative collections of 

deletion mutations. Regardless, disentangling whale shark demographic history 

will require additional sampling and more advanced sequencing methods, but 

an improved understanding of past fluctuations in whale shark abundance may 

help conservation efforts to gauge and manage current or future population 

changes in the face of anthropogenic pressures. 

4.5 CONCLUSIONS 

This chapter adds samples from whale sharks in two understudied regions, 

proposes an incremental improvement to mitochondrial analysis, and provides a 

point of comparison to previous results from other aggregations (Vignaud et al., 
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2014). In addition, most of the new sequences from this study have been directly 

linked to identification photos for sampled sharks. Linking the genetic and 

photographic datasets in this way can simplify future analysis and facilitate multi-

method studies. The results here strongly suggest that Red Sea (and Tanzanian) 

whale sharks are part of a larger Indo-Pacific population despite limited 

evidence of connectivity. This would seem to indicate that basin-scale genetic 

exchange occurs later in the whale shark’s life history and that aggregations are 

“seeded” with the offspring of a more interconnected, adult population.  

While these additions represent important advances in our understanding 

of the ecology and evolution of whale sharks, there is clearly still room for further 

progress. The broad division of whale sharks into two basin-scale populations 

appears to be robust, and resolving finer-scale differences among aggregating 

sub-populations may require researchers to move beyond microsatellite and 

mitochondrial markers and onto more comprehensive sequencing methods. The 

recent publication of complete mitochondrial-genome (Alam et al., 2014) and 

whole-genome (Hara et al., 2018; Read et al., 2017; Weber et al., 2020) 

assemblies for the whale shark represents an important first step away from 

population genetics and toward population genomics. Improved scientific 

understanding of the genetic structure and long-term connectivity patterns 

among whale shark aggregations will be vital to the effective global 

conservation of this endangered species. 
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CHAPTER 5: GENERAL CONCLUSIONS 

Regardless of whether whale shark movements and population dynamics 

are examined at a global, regional, or local scale, the fact remains that 

dedicated research remains confined to scattered aggregation sites that have 

only been under investigation for about 30 years. However, many aggregations 

have been studied for much less time, limiting researchers’ abilities to draw 

conclusions about long-term trends. The whale shark has a circum-global range, 

is capable of basin-scale migrations, and may live for a century or more. 

Research at aggregations covers only a tiny fraction of the species’ range and 

has likely only documented the behaviors of a single generation. The skewed 

demographics at these sites means that most of the available data is biased 

toward one portion of the overall population (juvenile males). In particular, we 

know the most about immature males that aggregate at coastal locations and, 

to some degree, transient adult females. Most research has, for good reason, 

been focused on aggregation sites. However, this leaves a portion of the 

population that could be missed in much of the current research (mature males, 

neonates, juvenile females). It is possible that we have only scratched the 

surface of understanding whale sharks and due to study limitation lack data 

about the more general global whale shark population. There is still much to be 

learned about whale sharks at all geographic scales. In this dissertation, I 

examined Red Sea whale sharks from three different perspectives, anomalous 

seasons on a local scale, regional connections within the Red Sea basin, and the 

genetic connectivity of Red Sea whale sharks to the Indo-Pacific and global 

population.  



150 
 

In Chapter 2, I described a dramatic decline in sightings observed during 

two seasons at the Shib Habil aggregation. I compared seasonal trends of sea 

surface temperature and chlorophyll-a concentration from the 2015-2019 

seasons and found no significant difference between season with average 

numbers of sightings and seasons with decreased numbers of sightings. There 

does not seem to be one specific answer as to why there were two seasons of 

decreased sightings, however I have discussed some of the potential causes and 

explored the evidence supporting/refuting each. Although, there were some 

hypotheses that were unable to be tested with the available data. Continued 

monitoring of Shib Habil and the surrounding region may help to determine the 

exact drivers of the local aggregation and what caused the failure to aggregate 

in 2017 and 2018. However, this may not be possible. It is likely that a 

combination of factors influenced the decreased sightings. If there were to be 

another decline in sightings observed at the Shib Habil aggregation, the ability to 

perform aerial surveys using either helicopters or ultra-light aircraft would be 

beneficial. Increasing the amount of area that can be surveyed, including 

additional sites along the coast and further offshore, may allow for observations 

of a spatial shift.  

However, we do not know how these fluctuations at the Shib Habil 

aggregation were related to the rest of the Red Sea population. Additionally, it 

was unclear if the Red Sea population demographics were the same as the Shib 

Habil aggregation. To address this, in Chapter 3, I utilized an international photo-

identification database (Wildbook for Whale Sharks, www.whaleshark.org) and 

other citizen science provided photos to understand whale sharks throughout 
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the basin better. At this time the Red Sea portion of the Wildbook for Whale 

Sharks database remains small compared to other regions. The database is not 

widely known among local dive operators and other potential citizen science 

organizations within the Red Sea region. However, with the nearly 800 encounters 

online, there are some early conclusions that can be drawn regarding additional 

whale shark “hot spots” at Ras Mohammad National Park and Sharm el Sheikh, 

Egypt and Eilat, Israel. The high number of sightings in these areas may also be 

attributed to high rates of tourism and knowledge of the database. The 

seasonality of sightings in different regions of the Red Sea (particularly in the 

north), showed a varied pattern with the main peaks occurring in July-August 

and October-November in different regions. While population modeling suggests 

an open population, selecting one model with confidence was not possible due 

to the low number of individuals seen multiple times in the NRS. Similarly, there is 

evidence of movements between different areas within the Red Sea basin and 

the neighboring aggregation in the Gulf of Tadjoura, Djibouti. Including at least 

one animal making multiple round trip movements between Djibouti and Saudi 

Arabia. However, this evidence is limited to only a very few records; therefore, a 

Red Sea wide population model between Shib Habil and the NRS produced an 

imprecise population estimate with a large standard error. Finally, outside of Shib 

Habil, sex determination for encountered sharks was uncommon but appeared 

to reflect the same sexual parity. Some of these conclusions should be 

interpreted with caution until more data can be collected. Increasing local 

participation in citizen science by raising awareness about the Wildbook for 

Whale Sharks database will be vital to improving population models, more 
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accurately describing the demographics of Red Sea whale sharks, and 

quantifying connectivity between the different regions. 

Finally, in Chapter 4, I utilized a population genetics approach to 

understand better how whale sharks from the Red Sea fit into the larger Indo-

Pacific and global populations. Previous work suggested that the Red Sea has 

strong connectivity to the Indo-Pacific, but this only included a portion of the 

whale sharks that were biopsied at the Shib Habil aggregation. Building upon the 

microsatellite sequencing I performed during my MSc work, the addition of the 

whale shark mitochondrial control region sequences allowed for comparison 

with nearly 700 publicly available sequences to build a comprehensive view of 

whale shark population connectivity. The number of available sequences for the 

Red Sea was nearly quadrupled (in addition I provided the first control region 

sequences from Mafia Island, Tanzania), and the majority of the sequences were 

paired directly with sharks’ profiles on Wildbook for Whale Sharks. This allows for 

definitive identification of which sharks a genetic sequence belongs to allowing 

for more streamlined studies that utilize multi-method approaches. Stable 

genetic diversity over a six-year period at Shib Habil contrasted previous findings 

from Western Australia that showed a decline over the same period. We then 

produced an alignment using 816 sequences to build two haplotype networks, 

which were broadly similar in terms of population structure but suggested 

different demographic histories.  

As tourism continues to increase throughout the Red Sea, there is great 

potential for additional photos and sightings reports. In addition to tourism, 
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increased social media engagement can bring awareness of photo-

identification projects throughout the region. Continuing to add sharks to the 

database could provide more opportunities to encounter sharks multiple times 

and connections between areas throughout the Red Sea. Growing research in 

the areas where GigaProjects are being built along the Saudi Arabian coast may 

provide more sampling and monitoring opportunities throughout the northern 

Red Sea. Collaborative efforts between the environmental departments at all 

three GigaProjects: NEOM, AMAALA, and The Red Sea Development Company 

(TRSDP) will be an essential factor in monitoring the transient marine life 

(including whale sharks) that may frequent each site. Sharing of photo-ID data 

between groups, participating in traditional mark-recapture tagging studies, or 

creating a shared network of acoustic receivers for tagging studies would have 

major benefits to marine research in the Red Sea. Identified or tagged sharks 

(other marine fauna) can help visitors engage with the research. Importantly, 

photo-ID submissions from visitors provide an interactive way for them to 

participate in local studies. Opportunities to “adopt” a shark and get updates 

about any new sightings or detections will keep visitors thinking about their Red 

Sea adventure long after returning home.  

In all of these cases, though, the importance of protecting and 

responsibly interacting with whale sharks remains paramount. There is no 

established code of conduct for interactions with any marine megafauna within 

the Red Sea. Tourism boards or marine activity oversite groups within Red Sea 

countries should be encouraged to establish and enforce codes of conduct 
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similar to those adopted at other aggregation sites for whale sharks. Within the 

GigaProjects, environmental oversight departments should require all tourism 

companies within their jurisdiction to adhere to strict interaction guidelines. 

Shipping and boat traffic appears to be the main threats to whale sharks in the 

region. Identifying seasons and areas of high use or where aggregations occur 

and limiting boat traffic in those areas or at particular times of the year could 

help reduce accidental boat strikes. Although temporal genetic diversity 

suggests the Shib Habil population is stable and an unchanged population 

estimate supports this finding, it is still essential to protect whale sharks within the 

Red Sea. Red Sea whale sharks’ observed and genetic connectivity to the Indo-

Pacific population emphasizes the importance of conservation measures at a 

multi-national scale. 
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APPENDICES 

APPENDIX A: SUPPLEMENTARY FIGURES- CHAPTER 2 
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Supplemental Figure 2.1: Hourly sightings per unit effort (SPUE) for each month during the 2011-
2019 seasons (colors in legend) at Shib Habil.  
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 Seasonal Steps in Lagged Identification Rate and Associated Models  

 

 

 

 

 

 

LIR and Selected Models 2010-2017 (Blue-Model D; Orange-Model H) 

 

Supplemental Table 2.1: Description of the eight models fitted to the lagged identification rate from 2010-2016 
and comparative quasi Akaike information criterion (QAIC) values. Models are listed from least to most open 
population. Selected models are BOLD. N, population size within the study area at any time.  

Supplemental Figure 2.2: Lagged identification rate (LIR) 2010-2016. Green 
points are the LIR mean ± SD (data), selected models blue Model E and 
orange Model H 
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Supplemental Figure 2.3: Lagged identification rate (LIR) 2010-2017. Green points are 
the LIR mean ± SD (data), selected models blue Model E and orange Model H 

Supplemental Table 2.2: Description of the eight models fitted to the lagged identification rate from 2010-2017 
and comparative quasi Akaike information criterion (QAIC) values. Models are listed from least to most open 
population. Selected models are BOLD. N, population size within the study area at any time.  
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Supplemental Table 2.3: Description of the eight models fitted to the lagged identification rate from 2010-2018 and comparative 
quasi Akaike information criterion (QAIC) values. Models are listed from least to most open population. Selected models are BOLD. 
N, population size within the study area at any time.  

Supplemental Figure 2.4: Lagged identification rate (LIR) 2010-2018. Green points are the 
LIR mean ± SD (data), selected models blue Model G and orange Model H 
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Supplemental Figure 2.5: Chlorophyll-a concentration from Modis 4km 8daily from January 2008 through January 
2020 from the Al Lith region (Figure 2.5B blue dashed box).  

Supplemental Figure 2.6: Box plots representing A sea surface temperature (°C) and B chlorophyll-a concentration (mg m-3) 
during February to June seasonally including the two seasons with low sightings 2017 and 2018.  
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APPENDIX B: SUPPLEMENTARY FIGURES- CHAPTER 3 
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Supplemental Figure 3.1: Size distribution of all (189) Red Sea whale sharks for 
which length estimates (meters) were available. 

Supplemental Figure 3.2: Sex demographics of 329 
individual whale sharks identified throughout the Red 
Sea.  

Supplemental Figure 3.2: Percent of individuals with major, 
minor, or no scars out of 329 whale sharks identified 
throughout the Red Sea.  
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Supplementary Figure 3.4: A Occurrence rates of different scarring types on whale sharks for all Red Sea. Dark purple 
is major scarring categories and light purple is minor scarring categories. B Number of occurrences of scarring on 
different body parts of whale sharks.  

Supplementary Figure 3.5: Discovery curve, for the entire Red Sea, from 2000-
2020 of individuals in relation to each new whale shark encounter. The linear 
nature of this curve implies new individuals were identified throughout the 
study period and indicates an open population. 
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Supplementary Figure 3.6: Lagged identification rate 2000-2020 for the entire 
Red Sea. Green points are the LIR mean ± SD (data), blue line is the model with 
the best fit, Model H. 

Supplementary Table 3.1: Description of the eight models fitted to the lagged identification rate from 2000-2020 
for the whole Red Sea data set and comparative quasi Akaike information criterion (QAIC) values. Models are 
listed from least to most open population. N, population size within the study area at any time.  
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APPENDIX C: SUPPLEMENTARY FIGURES- CHAPTER 4 

 

Supplementary Table 4.1: Previous studies from which whale shark mitochondrial control region sequences 
were sourced. Columns show number of sequences at locations used from each study in final alignment. Last 
column (light grey) is total number of sequences from each location used in final alignment, last row is overall 
sequence total. Bottom row (dark grey) is accession numbers if available associated with each previous 

bli ti   
Castro et al. 

2007

Ramírez-
Macías et al. 

2007

Schmidt et 
al.  2010

Vignaud et 
al. 2014

Sigsgaard et 
al.  2016

Meekan et 
al.  2017 

Yagishita et 
al.  2020

This Study Totals

Saudi Arabia (RS) - - - 8 - - - 60 68
Djibouti - - - 77 - - - - 77

Qatar - - - - 54 - - - 54
Tanzania - - - - - - - 57 57

Mozambique 18 - - 31 - 13 - - 62
Seychelles - - - 31 - 7 - - 38
Maldives 1 - - 9 - 2 - - 12

W. Australia 11 - - 146 - 5 - - 162
Philippines 11 - - 20 - - - - 31

Taiwan - - 1 25 - - - - 26
Japan - - - - - - 28 - 28

Mexico (Pac) 8 36 - 77 - - - - 121
Mexico (Atl) 19 - - 61 - - - - 80

Accession 
Numbers

EU182401- 
EU182444

DQ395261 – 
DQ395274

GU289922 n/a  KX944487 -
KX944547

 MF872682-
MF872725

LC466742 – 
LC466769 #### 816
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Supplementary Figure 4.1: Relationships of Rhincodon typus haplotypes, from 13 different geographic locations (color in legend), in median-joining network created 
using whale shark control region sequences where gaps were not considered informative. Each circle represents a unique haplotype and is proportional to total 
haplotype frequency. Branches connecting circles represents a single nucleotide substitution; black cross-bar represents an additional nucleotide substitution; black 
double slash bars represents more than 10 nucleotide substitutions (exact numbers noted). Areas encompassed by dashed lines represent four putative lineages.  
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Supplementary Table 4.2 : Population pairwise Fst and P-values based on haplotype frequencies (gaps not considered informative). - Not significant; + P 
< 0.05; ++ P < 0.01 (corrected for multiple comparisons). 
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Supplementary Table 4.3: Measures of genetic diversity at each location (gaps not considered); number of sequences (n), number of haplotypes (Nhp), haplotype 
diversity (h), and nucleotide diversity (𝜋𝜋), Tajima’s D, Fu’s Fs, and Harpending’s raggedness index (HRI). NS Not significant; + 0.01< P < 0.05; ++ P < 0.01 (corrected for 
multiple comparisons) 
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