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ABSTRACT 

Fine-Scale Movements and Behaviors of Whale Sharks, Rhincodon typus, in a Seasonal 

Aggregation near Al Lith, Saudi Arabia 

Lu Sun 

Movement and behavior studies are traditional yet effective ways to understand the 

biology and ecology of a species. For an endangered species like the whale shark 

(Rhincodon typus), a comprehensive knowledge of its movement and behavior is 

particularly critical for successful management and conservation. For this dissertation, 

acoustic telemetry and biologging tagging studies were carried out at a seasonal whale 

shark aggregation site near Al Lith in the Saudi Arabian Red Sea. Acoustic telemetry data 

revealed consistent path usage in a narrow longshore area with patterns in seasonality 

and diel horizontal movements within a smaller scale. Some individuals specifically 

concentrated on this path and made non-stop back and forth movements along it. In 

another dimension, depth use of whale sharks derived from biologgers showed distinct 

diel patterns. The sharks heavily utilized shallow waters with mixed depth usage 

consisting of surface swimming and varied types of dives, which explained the data of 

previous visual surveys. Vertical velocities indicated potential energy expenditure 

strategies that were further investigated based on acceleration data. Energy 

expenditure data suggested strategies that fine-tuned foraging efforts to optimize the 

balance between feeding and foraging. However, while these strategies fit well in the 

natural habitat, local human impacts could be of great disturbance if not well managed. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background 

The whale shark Rhincodon typus has drawn attention from researchers and the public 

since it was first described in 1828 by Andrew Smith, an English doctor living in Cape 

Town, South Africa (Smith, 1828). Rhincodon typus is the only extant species of the 

family Rhincodontidae and the only member in the order Orectolobiformes that occur in 

the pelagic water column. It is the largest fish in the sea and one of the three 

planktivorous sharks besides basking shark and megamouth shark. Despite these 

distinguishing features, there were only 320 records of this species by 1985, over 150 

years after the first description (Wolfson, 1986). Similarly, much of its biology were still 

unknown, including its reproduction method (Colman, 1997, Stevens, 2007) prompting 

some researchers to describe it as “enigmatic” (Norman and Catlin, 2007, Schmidt et al., 

2010). In certain locations there are predictable R. typus occurrences on a seasonal basis 

(Alava et al., 2002, Anderson and Ahmed, 1993, Eckert et al., 2002, Eckert and Stewart, 

2001) and in some locations large aggregations are observed (Bach, 2013, Heyman et al., 

2001, Rowat, 1997, Taylor, 1989, Venegas et al., 2011). The number of sightings has 

been significantly increasing from these sites in recent years and in many aggregation 

areas whale shark watching has become a popular and lucrative ecotourism industry 

(Colman, 1997, Graham, 2007, Quiros, 2007, Rowat and Engelhardt, 2007). However, 
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these fish are vulnerable due to their predictability of occurrence and have indeed been 

heavily exploited, since they are of high value on the Asian markets. Their flesh (known 

as “Tofu Shark”) and fins are in high demand, with the former for consuming and the 

latter as decorations in restaurants that serve shark fin soup (Chen et al., 1997, Chen et 

al., 2002, Hanfee, 2007, Li et al., 2012). 

 

Rhincodon typus has a large, spindle shaped body with a broad head, a large terminal 

mouth, two pectoral fins, a large first dorsal fin, a small second dorsal fin, and a 

semilunate caudal fin. Its dark dorsal surface is covered with an individually unique 

pattern consisting of spots and lines in near white color, which functions as disruptive 

coloration. Its ventral surface is light in color, functioning as counter-shading along with 

the dark dorsal surface (Compagno, 2001, Wilson and Martin, 2003). Both have probably 

evolved as a camouflage strategy and may be of great importance for predation 

avoidance during their early years when their swimming manner is inefficient. 

 

Very few sightings on pregnant females and neonatal R. typus have been reported 

(Colman, 1997, Fowler, 2000). Females suspected to be pregnant have been reported 

from the south of Baja, Mexico (Eckert and Stewart, 2001), off the Galapagos and in the 

waters of Philippines. In 1995, Taiwanese fishery landed a pregnant female that had 304 

embryos. Of these embryos, many were in their egg cases and still attached with 

external yolk sacs, but many were not in egg cases and with no yolk sacs attached. This 

confirmed that R. typus are viviparous (Joung et al., 1996). 
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So far there have been 19 reports of R. typus specimens of length <1.5, most of which 

are by-catch from net fisheries. In a case from India, an embryo still had its yolk sac 

attached to it although already reached 94cm in total length (Manojkumar, 2003), while 

a 46 cm LT neonatal pup was observed to be swimming in the Philippines (Aca and 

Schmidt, 2011). The latter pup bore a freshly healed vitelline scar, indicating that it was 

full term (Duncan and Holland, 2006, Hussey et al., 2010). These evidence suggested 

varied birth sizes of R. typus pups. Small juvenile R. typus are sighted and studied in the 

Philippines (Aca and Schmidt, 2011) and Djibouti (Rowat et al., 2007), which could lead 

to a broader knowledge of its life history. 

 

In 1997, Taiwanese fishery reported the largest R. typus individual, 20 m LT and 34 t in 

mass (Chen et al., 1997), while the second largest was 18.8 m LT reported in India 

(Borrell et al., 2011). Measurements of captive individuals showed that neonatal R. 

typus had higher growth rates than juveniles (Leu et al., 1997, Chang et al., 1997), while 

juveniles exhibited varied growth rates between sexes (Kitafuji and Yamamoto, 1998, 

Uchida et al., 2000). 

 

Rhincodon typus occur globally in tropical and temperate waters (Compagno, 2001) 

(Figure 1.1). Sightings from the Palestinian water have also confirmed their presence in 

the Mediterranean (Jaffa and Taher, 2007). They occur in open ocean and coastal waters 

and aggregate at some sites in certain seasons (Colman, 1997, Compagno, 2001). There 
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have been sightings in temperate waters off South Africa and off New Zealand 

(Compagno et al., 2005, Duffy, 2002). Rare R. typus sightings in high latitudes are also 

present, e.g., off the Nova Scotian (Coad et al., 1995), northern California (Ebert et al., 

2004), in the Bay of Fundy, Canada (Turnbull and Randell, 2006), and off of Mombetsu, 

Japan (Tomita et al., 2014). This is probably due to the warm currents reaching these 

areas that elevated water temperature and potentially created temporary productivity 

hot spots. 

 

The discoveries of R. typus seasonal aggregation sites and increasing human impacts 

have led to numerous studies on this species. The species was classified as endangered 

in the Red List of Threatened Animals by IUCN (IUCN, 2016) based on rapid reductions in 

catch per unit effort (CPUE) measures. A variety of datasets present declines of ≥50% 

globally. For this situation, the species is also listed on Appendix II of the Convention of 

Migratory Species of Wild Animals (CMS, 1999) and Appendix II of CITES, the Convention 

of Trade in Endangered Species (CITES, 2002).  

 

Though they have gained considerable attention, whale sharks still face pressure from 

environmental degradation, excessive human impacts, and most importantly, 

unregulated fisheries (Capietto et al., 2014, Dell’Apa et al., 2014, Rowat and Brooks, 

2012). Their highly migratory nature and surface foraging behavior make them more 

vulnerable to targeted or non-targeted fisheries, vessel collisions, etc. Thus a more 

comprehensive understanding of their movements and behaviors is critical to inform 
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appropriate methods of conservation. 

 

1.2 Current Status of Whale Shark Behavioral Research 

 

Knowledge of R. typus behavioral ecology is largely limited except that in many 

aggregation sites their occurrence seems to be associated with localized productivity 

events that provide food sources ( Wilson et al., 2001, Heyman et al., 2001). In some 

sites the aggregations were longer and widely diffused probably because of rise in 

primary productivity on a large scale (de la Parra Venegas et al., 2011, Rowat et al., 

2009). Most reported aggregations are close to shore and of similar structures: mostly 

juveniles and dominated with males, including Ningaloo Reef, Western Australia 

(Meekan et al., 2006), Djibouti (Rowat et al., 2007), Mozambique (Pierce et al., 2008), 

the Maldives (Riley et al., 2010), Seychelles (Brooks et al., 2010), Belize (Heyman et al., 

2001), and Qatar (Bach, 2013).  In the Gulf of Mexico, one aggregation was reported in 

shelf-edge waters in summer (Burks et al., 2006, Hoffmayer et al., 2007), while smaller 

aggregations occurred closer to shore in fall. Conflicting observations were reported on 

the aggregation of R. typus near Christmas Island, Australia, in which the event was 

described as female-biased (Hobbs et al., 2009) and male-dominated (Meekan et al., 

2009). The male dominated Isla Contoy aggregation in the Mexican Caribbean is 

probably the largest where as many as 420 individuals were sighted in an area of 18 km2 

(de la Parra Venegas et al., 2011). A newly discovered spring aggregation near Al-Lith, in 

the Saudi Arabian Red Sea, however, consists of an approximate 1:1 sex ratio, a ratio 
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that had never been reported before (Berumen et al., 2014). 

 

Seasonal aggregations and the tourism activities focused on them provide unique 

opportunities to understand the effects of human existence to R. typus. They were 

recorded to be dive more frequently and exhibit less surface-swimming when tourists 

were present and certain level of interactions were conducted (Quiros, 2007). 

 

Ram-feeding, suction feeding, and active surface ram-feeding are the three observed 

feeding modes of R. typus. Ram-feeding appears to be the most common mode. During 

ram-feeding, the fish swims forward with its mouth open, filtering prey by forward 

locomotion. This technique is considered ‘passive feeding’ (Taylor, 2007) and occurs 

when prey densities are relatively low. Suction feeding is the active water gulping and is 

usually recorded with medium prey densities. Active surface ram-feeding is the strong 

surface swimming with its mouth open and out of the water, often in circles. This 

behavior was observed when food density is high (Nelson and Eckert, 2007). Near 

Ningaloo Reef, active surface ram-feeding was triggered when euphausiids swarmed at 

the surface (Taylor, 2007). Dimethyl sulphide (DMS) is considered a trail some seabirds 

utilize to locate dense plankton for food, as this compound is released when 

phytoplankton is consumed by zooplankton (Nevitt et al., 1995, Smythe-Wright et al., 

2005). It’s also considered a potential scent trail indicating food presence for R. typus; 

while a study on captive R. typus proved that they reacted to this compound as a signal 

for food (Dove, 2015), more knowledge on the mechanism of the food locating 
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technique of this species are still sought after. 

 

1.3 Current Status of Whale Shark Movement Research 

1.3.1 Horizontal Movement 

 
Rhincodon typus movements have been studied with multiple methods. Electronic 

tagging has been the most commonly used approach by researchers. In an early study 

undertaken off Ningaloo Reef using active acoustic tracking, data portrayed the use of a 

longshore area with diel variations in swimming speeds (Gunn et al., 1999).  

 

Satellite tracking provides automated recording of geographic movements of tagged 

animals. Studies using this method revealed that the R. typus were capable of travelling 

very long distances (>13000 km) and achieving speeds of up to 3.9 km h-1 (Eckert and 

Stewart, 2001). Some studies have then confirmed this findings through the satellite 

tracks in waters off Asia, South Africa, Honduras, Seychelles, and Taiwan (Eckert et al., 

2002, Gifford et al., 2007, Rowat and Gore, 2007, Hsu et al., 2007). All studies revealed 

that the fish were capable of covering a large area, although the results were limited 

due to short retention time of tags. In a few studies, researchers explored alternative 

approaches to fix the satellite tags onto the dorsal fin to optimize transmission and 

retention (Bonfil et al., 2005, Hammerschlag et al., 2011).  

 

Acoustic telemetry allows monitoring of long-term movements of tagged animals. In 
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Belize, Tanzania, Ningaloo, and the Red Sea aggregations, the acoustic telemetry arrays 

detected previous acoustic tagged R. typus (Graham and Roberts, 2007, Cagua et al., 

2015, Nornam, 2007, Cochran, 2015). While the detection range of hydrophones with in 

each telemetry receiver varies with internal and external factors (Cagua et al., 2013, 

Heupel et al., 2006, Voegeli et al., 1998), their advantages are widely embraced by 

global researchers. Collaboration of multiple regional tracking projects are possible 

through proper sharing of telemetry data, the Ocean Tracking Network being an 

example (O’Dor, 2010). New tagging projects were also initiated with such approach 

(Hueter et al., 2008, Graham et al., 2008). 

 

1.3.2 Vertical Movement 

In a study using active acoustic tracking at Ningaloo Reef, Western Australia, the vertical 

movement of R. typus was investigated for the first time (Gunn et al., 1999). Data 

showed that the fish was surface-focused during daytime and frequently dives were 

recorded during the night. 

 

With new technologies emerging, tags that are more feasible have been deployed on R. 

typus. Researcher were able to gain insights of their vertical habitat use in varied times 

and locations. Off Belize, R. typus exhibited asymmetric dives into mesopelagic layers 

with fast ascents and slow descents. The data also suggested the potential influence of 

spawning events of snappers on dive depths during certain lunar phases (Graham et al., 

2006). R. typus also showed mesopelagic dives in the Seychelles, while the vast majority 
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of the deployment time was spent in shallow water of <100 m (Rowat and Gore, 2007). 

Mesopelagic dives were also recorded near Ningaloo Reef, with extensive use of shallow 

water (Wilson et al., 2006b). However, in coastal waters of Gulf of Mexico, one R. typus 

showed reversed diel vertical migration (DVM) and classic DVM in deep water. Off 

Holbox, in the Gulf of Mexico, R. typus utilized the surface for 43.9% and 16% of daytime 

and nighttime, repectively (Motta et al., 2010), in accordance with aerial sighting data 

(de la Parra Venegas et al., 2011). Off Ningaloo Reef, similar depth use was also found 

closely offshore by Wilson et al. (2006b). 

 

R. typus is capable of diving to great depths. In the Gulf of Mexico, the deepest dive for 

R. typus was recorded as 1720 m and dives to bathypelagic zone were frequent 

(Tyminski et al., 2008). These dives were characterized with fast descents and 

immediate fast ascents, similar to the diving behavior presented by Brunnschweiler and 

Sims (2012) but in contrast to those from Belize showing the ‘gliding’ behavior which 

consists of descents of much lower velocity than ascents (Graham et al., 2006).  

 

Explanations for the very deep dives taken by R. typus remain unclear, but researchers 

proposed that such dives may compensate for the oligotrophic habitat of surface waters 

with potential foraging benefits in the deep (Brunnschweiler and Sims, 2012, Sleeman et 

al., 2010). Cetorhinus maximus also showed deep dives while migrating in oceanic 

waters and it has been suggested that the dives facilitate locating of scent trails for 

food, as stratification is known to occur in these waters (Sims and Quayle, 1998), which 
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could be the possible reason for such behaviors in R. typus. New biologging tags helped 

researchers comprehensively understand diving behaviors and revealed the 

aforementioned ‘gliding’ behavior was of significant benefit in optimizing energy use 

efficiency during horizontal migration (Gleiss et al., 2009b).  

 

1.3.3 Behaviors and Energy Use 

The combination of various tagging technologies is of the potential of systematically and 

in cases, extremely accurately, reconstruct the movements of the animal being studied. 

Such tracks with corresponding environmental or bathymetric conditions cast light on 

insights of R. typus’ behavioral strategies. Moreover, technologies including photo-

identification, animal born environmental monitoring devices and camaras, and multi-

sensor biologgers help investigate animal behaviors in fine details and concerning 

variables that eventually form predictive behavioral models. 

 

Limited availability of technologies that could be utilized on marine species has largely 

constrained the attempts to understand the various activities in these species ( Whitney 

et al., 2012, Ropert-Coudert and Wilson, 2005); the rapid and ongoing development of 

new tagging technologies in recent years has to some extent boosted the endeavor put 

into the research on these topics. Some studies have resulted in important discoveries 

of species that used to be much less understood by human ( Boustany et al., 2002, Sims 

et al., 2005, Skomal et al., 2009, Campana et al., 2011, Block et al., 2011). Behaviors 

revealed in these studies are naturally investigated for their driving factors. For instance, 
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vertical movements of a fish could be interpreted as foraging efforts, predator 

avoidance, thermal regulation as has been suggested for blue sharks (Prionace glauca) 

(Campana et al., 2011), or other reasons. Tri-axial acceleration appears to be a reliable 

approach to investigate the driving factors of varied behaviors that involve movements 

of body parts in the animals (Goldbogen et al., 2006, Shepard et al., 2009, Wilson et al., 

2008). Besides reframing the behavior of the study animal in details ( Yoda et al., 2001, 

Shepard et al., 2008, Nathan et al., 2012), acceleration data can also generate values as 

proxies of energy consumption or metabolic rate ( Wilson et al., 2006a, Halsey et al., 

2009, Clark et al., 2010, Gleiss et al., 2010). Over recent years, this technology has 

helped researchers acquire unparalleled insights into what’s behind and what has been 

cost from the movements and behaviors of sharks and other large marine vertebrates 

(Gleiss et al., 2009a, Gleiss et al., 2011, Nakamura et al., 2011, Whitney et al., 2007, 

Whitney et al., 2010). Biologgers that measure parameters including accelerations have 

proved to be a useful and reliable source of information in determining observed 

behaviors and activities of large marine vertebrates. 
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1.5 Tables and figures 

 

Figure 1.1 Worldwide distribution of whale shark Rhincodon typus (See site below for 

author [CC BY-SA 3.0 (http://creativecommons.org/licenses/by-sa/3.0)], via Wikimedia 

Commons) 
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CHAPTER 2 

FINE-SCALE HORIZONTAL MOVEMENTS OF WHALE SHARKS 

2.1 Introduction 

The whale shark, Rhincodon typus, is a global species that occurs throughout tropical, 

sub-tropical, and (on rare occasions) temperate waters (Compagno, 2001, Duffy, 2002, 

Ebert et al., 2004, Rodrigues et al., 2012, Tomita et al., 2014, Turnbull and Randell, 2006). 

Whale sharks feed on high densities of zooplankton, fish and coral spawns, and 

opportunistically bait fish (Berumen et al., 2014, Heyman et al., 2001, Robinson et al., 

2013), hence most sightings of whale sharks occur at aggregation sites where seasonal 

or year-round high food availability is present. Known aggregation sites include Ningaloo 

Reef of Western Australia (Taylor, 1996), Holbox Island of Mexico (Ramírez-Macías et al., 

2012), Belize (Heyman et al., 2001), Seychelles (Colman, 1997), and oil platforms in 

Arabian Gulf (Robinson et al., 2016, Robinson et al., 2013). Whale sharks were listed as 

‘‘endangered” by the International Union for Conservation of Nature in 2016. The 

aforementioned aggregation sites are all close to shore, thus whale sharks in these 

aggregations are vulnerable to nearby human activities. In some cases, this includes 

shark-targeted fisheries or as incidental mortality as by-catch (Akhilesh et al., 2013, Li et 

al., 2012). Taking advantage of the animal’s docile nature and surface feeding behavior, 

ecotourism targeting on whale sharks has enjoyed rapid growth in the past decade at 

several known aggregation sites (Gallagher and Hammerschlag, 2011), although 

generally considered an eco-friendly way to increase public interest in marine life, whale 
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shark watching tours raise concerns about potential disturbance and impacts on long-

term behaviors of whale sharks (Anderson et al., 2014, Davis et al., 1997, Haskell et al., 

2014). A better knowledge of fine-scale movements of whale sharks in these 

aggregation sites will facilitate the conservation of this species with the awareness and 

cooperation of informed local administration and stakeholders.  

 

Electronic tagging has been the major method in studies on behaviors and movements 

of whale sharks (Berumen et al., 2014, Cagua et al., 2015, Eckert et al., 2002, Gleiss et al., 

2013, Hueter et al., 2013, Meekan et al., 2015, Rowat and Gore, 2007, Rowat et al., 2007, 

Wang et al., 2012). The continuing development of new tagging and sensor technology 

with various features enables researchers to look deeper into animal behaviors in 

details. Acoustic tags in particular, suitable for constructing telemetry spots, routes, and 

arrays, provide a relatively low-cost and reusable approach to fine-scale movement 

studies (Barnett et al., 2010, Cagua et al., 2015, Heupel et al., 2006, MacDonald et al., 

2013, Pedersen and Weng, 2013). 

 

In the seasonal aggregation site near the coast of Al Lith, Saudi Arabia, juvenile whale 

sharks appear in the spring along a submerged coastal reef Shib Habil (~ 4 km to shore) 

(Berumen et al., 2014). Though there is a lack of extensive data on fisheries in Saudi 

Arabia, little or no effective management in Saudi Arabian Red Sea waters appears to 

exist for any fishery (Berumen et al., 2013) (Spaet et al., 2012, Spaet and Berumen, 

2015). While local fishermen with small boats do not target whale sharks or manta rays, 
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their cruising and fishing practice threatens these surface-feeding animals, with multiple 

individuals seen over the years with propeller scars on their body and fins ( Braun et al., 

2014, Braun et al., 2015), and one reported entangled and dead in a fishing net (J Spaet, 

personal communication). In recent years, whale shark tours have also emerged in Al-

Lith, taking advantage of the close proximity of this aggregation to shore. Local tourism 

agencies and dive resorts organize whale shark watching trips during the high season 

with no virtually official regulations in place, which could result in irresponsible conduct 

while searching for or interacting with whale sharks (Davis et al., 1997, Haskell et al., 

2014). 

 

In this chapter, I used acoustic tagging data to understand the fine-scale movement of 

whale sharks in their aggregation site. Some data used in this study was previously used 

by Dr. Jesse Cochran for studies on residency patterns and population structure of the 

aggregating whale sharks based on detections recorded by each receiver. In this study, I 

used individual movement based approach and analysis was on movement of individual 

tagged shark among receivers represented by consecutive detections recorded by 

receivers. These movements, within the acoustic telemetry array where the maximum 

distance between two receivers is ~40 km, can be identified as “fine-scale” compared to 

satellite tagging studies. 

 

 As stated above, R. typus faces various pressures from human impacts globally and 

locally. A more complete understanding of their behaviors, especially horizontal 
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movements, is critical to anticipate and to mediate potential conflicts between the 

nature of the species and the inevitable expansion of human activities. Here I present 

data of whale shark movement, hoping to raise awareness within the local ecotourism 

community and to advise on proper regulations for fisheries and tourism in this region 

and beyond. 

 

2.2 Method  

2.2.1 Study area 

This whale shark tagging study was initiated after reports on whale shark encounters by 

local dive agencies. Most of the sightings were near the reef known locally as Shib Habil, 

adjacent to the town of Al-Lith, ~200 km south of Jeddah along the coast of the Saudi 

Arabian Red Sea (Figure 2.1). This area contains numerous coral reefs on the continental 

shelf that extends 20 km from the coast. Shib Habil is a submerged reef platform 

extending northwest to southeast, approximately 5.5 km long and 4 km off the coast.  

To the northwest of this reef lies a large coastal lagoon covering over 90 km2. The 

National Aquaculture Group of Saudi Arabia utilizes the inshore side of the lagoon as the 

site for very large aquaculture operations (primarily shrimp). The operation pumps in 

seawater from waters adjacent to the shrimp ponds and discharges wastewater (the 

ponds are fed via flow-through, gravity-based water movement) from an outlet ~4.5 km 

northeast of Shib Habil (see Hozumi, 2015). 
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2.2.2 Tagging 

Tags were opportunistically deployed on whale sharks during each aggregation season 

since 2009. In this chapter, data from 2009 to 2012 were analyzed, as we receive less 

data since 2013 due to drained batteries of formerly deployed tags and less new tags 

being deployed each year. 

 

When a whale shark is spotted from the research vessel, a general tagging procedure is 

initiated. We slowly approach the whale shark on the vessel till freedivers are within a 

confidant distance to proceed followed procedures. Freedivers enter the water slowly 

and do a visual inspection for total length and sex. Photos of certain areas of the sharks 

are then taken for later individual identification work. Genetic sampling are conducted if 

necessary before tagging. Finally, a freediver with a sling spear applies an intramuscular 

titanium dart tethering a tag at the base of the first dorsal fin (Figure 2.2).  

 

Acoustic telemetry is achieved using Vemco acoustic equipment (Vemco, Halifax, 

Canada). The acoustic tags used in this study are V16 coded transmitters. V16 tags send 

acoustic pings at 69kHz that are infrequent and randomly distributed around an average 

delay time. The ping train emitted by the tag includes an ID number that permits unique 

identification of the specific tag. VR2W receivers were used to form a telemetry array. 

Detection range of receivers is determined by transmitter output power, model of 

receiver, and environment conditions (see Cagua, 2013). Theoretical detection range of 

a V16 69kHz tag with its highest power output for VR2W receivers is 969 meters in calm 
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ocean condition (0 wind speed) and decreases to 630 meters with a wind speed of 28-34 

knots (https://vemco.com/range-calculator/). When a tag is within detectable range of a 

receiver, signals will be received and stored. This data is then periodically downloaded 

by researchers. 

 

2.2.3 Data Handling 

To maximize the coverage of our telemetry array, receivers were deployed along both 
sides of the reef Shib Habil (~1 km between each receiver) and other suspected hot 
spots. As accurate positioning of a tag requires it to be detected by at least three 
receivers simultaneously (i.e. triangulation), our telemetry data was used to indicate 
presence/absence within the receiver’s range rather than generate actual positions. 
Therefore, detections on different receivers were considered evidence of the whale 
shark migrating from within the detection range of one receiver to that of another. To 
investigate movements among receivers, we define as one “trip” the event where one 
tagged individual is detected by two or more receivers in an order that makes a 
consistent direction within the telemetry array and takes less than 24 h. 
 
I examined the time of tagged whale shark departures from Shib Habil (SH) for Qita Al 
Qursh (QQ) and vice-versa. A trip is counted if two consecutive detections were 
recorded by two receivers at SH and QQ in either order. Only detections from the peak 
season (March, April, and May) were selected, as detections from non-peak seasons are 
likely from transient individuals, and detections with an interval of more than 24 hours 
were excluded to minimize the probability of including “detour” movements or 
movements with large amount of off-array time. Trips were binned into each hour of 
the day. 
 
To assist with data presentation and analysis, a chord diagram was made with Circos 
(Krzywinski et al., 2009), while all other figures were made with R package ggplot2 
(Wichham, 2009). 
 

2.3 Results 

During the study period, 75 unique whale sharks were tagged during peak seasons (April 
- May) of 2009-2012. Most of the sharks were tagged near Shib Habil; only four were 
tagged at mid-shelf and offshore reefs in this region (Table 2.1). Based on photo 
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identification, five sharks were retagged in March and April of 2012 as the batteries of 
those tags were considered exhausted, and one shark was tagged with two tags 
(overlapping detections of these two tags were used only once in analysis). 68 
individuals have been detected by the telemetry array at least once since being tagged. 
Estimated sizes of tagged sharks ranged from 3.0-7.0 m, with a mean total length (TL) of 
3.93 m (±0.96 m SE). We tagged 37 female sharks (mean TL 3.91 m±0.94 m SE) and 29 
male sharks (mean TL 3.88 m±1.04 m SE), with a resulting sex ratio (Male:Female) of 
1.27 (the 15 remaining sharks were of underdetermined sex). 
 

2.3.1 Consistent Paths 

Of all whale sharks detected in the telemetry array during 2009-2012, 40 individuals 
heavily utilized a longshore area of approximately 40 km along the coastline besides the 
concentrated habitat usage at Shib Habil describe above. This area is centered in Shib 
Habil, extending 14 km northwest to Qita Al Qursh and 25 km southeast to Sirayn Island 
(Figure 2.3).  
 
In total, 439 trips based on aforementioned definition were recorded by the telemetry 
array, 406 and 33 of which occurred between Shib Habil and Qita Al Qursh, and Qita Al 
Qursh and Sirayn Island, respectively (Figure 2.4). Short trips between Shib Habil and 
Qita Al Qursh constituted the vast majority of all trips and share the same distribution 
patterns of shark sightings and detections data of this aggregation (Berumen et al., 2014, 
Cochran, 2014), while the 33 long trips between Shib Habil and Sirayn Island spread 
widely from November till next June (Figure 2.5). In many cases, an individual was 
absent from the array for hours to days after its last detection on receiver 31 (QQ) and 
then detected again, usually also on receiver 31, or adjacent receivers 22 and 34 
deployed at QQ. 
 
Although this longshore movement was present for as long as 10 months every year 
through the 4 years’ duration of the study, whale sharks persisted in a “round-trip” 
fashion. The average ratio of northwestward over southeastward short trips of each 
individual was 1.07 (NW:SE), while that ratio in long trips was 0.89 (Figure 2.6), 
suggesting that once the path was taken either northwestward or southeastward, 
individuals would most probably retrace it. Three whale sharks (WS14, WS15, WS33) 
utilized this path for more than 40 times each. The maximum, WS33, followed this route 
59 times. These movements appeared to be in a fashion of shuttle runs. WS15, for 
example, traveled the path 4 times nonstop on April 20-22, 2011 and twice on each 
morning of July 2, 2011 and April 12, 2012. Similar behaviors were also observed from 
individuals WS103, WS104, WS107, WS110, WS120, and WS128, with movements to SH 
or QQ from the other and retraced shortly (2 min-100 min) after arrival.  
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2.3.2 Diel Horizontal Migration 

Data showed a notable trend of migration from SH to QQ in the early morning and 
around dusk, supported by two peaks of detections at QQ in the afternoon and the 
second half of the night. Two peaks of departure from QQ occurred in the morning and 
around dusk, with a peak of detections recorded at SH around dawn (Figure 2.7). 
 

2.4 Discussion 

Our acoustic tracking data indicates that all tagged whale sharks in this study primarily 
utilized the area around SH along both sides of the reef. Approximately 50% of the 
tagged individuals, besides heavily using SH, were detected with intensive “round-trip” 
movements along the coastline of Al Lith, dominantly between SH and QQ in peak 
season and ranging to further south during non-peak seasons. Some movements 
continued with a southward trip starting from receiver 31 after their last detection by 
the same receiver on a northward trip. This potentially suggests the existence of a long-
shore movement further to the north, which can be verified after future array 
deployment and modification.  
 
Acoustic telemetry is increasingly utilized to study whale shark movements. This 
approach enables insights to fine-scale ecological knowledge of whale sharks compared 
to large-scale geographic movement tracking with satellite tags. Active acoustic 
telemetry was first used to track whale sharks in Western Australia (Gunn et al., 1999), 
while passive telemetry arrays were later used in several sites to understand their 
aggregation in details(Cagua et al., 2013, Cagua et al., 2015, Graham, 2003, Sanvig Bach 
et al., 2014, Vianna et al., 2014). This study adds significantly to this database with over 
80 individuals tagged through the period of 5 years and still increasing. Notably, our 
telemetry array, consisting of 34 stations and covering an area of > 500 km2, enables us 
to acquire a broad view of this newly described aggregation (Berumen et al., 2014, 
Cochran, 2014, Cochran et al., 2016). 
 
Similar long-shore/long-reef movement of whale sharks was first observed along the 
reef front at Ningaloo Reef using active acoustic tracking during the regional aggregation 
(Gunn et al., 1999). Multiple studies have since revealed this repeated movement 
pattern in coastal aggregation sites using either satellite or acoustic tracking techniques 
(Eckert et al., 2002, Eckert and Stewart, 2001, Hueter et al., 2013). This behavior could 
be related to regional food distribution patterns in these areas, which is largely 
determined by geomorphology and oceanography features. In northern Gulf of Mexico, 
whale shark activity in shelf waters is likely related to the plankton richness resulting 
from upwelling at shelf edge, the input of Mississippi River, and cyclonic/anticyclonic 
eddies (Hueter et al., 2013). In our study, similarly, although on a smaller scale, the 
outflow from the National Aquaculture Group shrimp ponds and the enclosed bay 



 50 

nearby may play a critical role in the movement pattern of whale sharks by providing 
nutrients hotspots. Such coastal feeding activity was also suggested in aggregations on 
the east coast of Africa and Western Australia based on signature fatty acid studies 
(Couturier et al., 2013, Rohner et al., 2013). A possible explanation for such long shore 
movements is the redistribution of rich nutrients by the force of long shore currents 
from the aforementioned hotspots to a expanded narrow area. Tidal influence might 
also play an important role in this process. This could be further investigated in future 
studies on the current and tidal movement in this area. Multiple food sources in 
different locations of this narrow area could be another reason and will be discussed 
later in the section on diel horizontal movements. 
 
Monthly distribution of long-shore movement trips also indicates that this movement is 
most likely driven by localized high productivity. During peak season, the trips were 
concentrated in a limited range (SH-QQ), suggesting high abundance of food in this area 
and accordingly concentrated feeding behavior, whereas trips appeared to be in a larger 
range (QQ-Sirayn Island) if present during non-peak season, which could be a foraging 
strategy of transient individuals to cope with less abundant food density in the region. 
Berumen et al. suggested that most whale sharks from this aggregation spread into 
deeper waters in the Red Sea in non-aggregation seasons, but during fall and winter 
there was still light habitat utilization around SH area based on satellite tagging data 
(Berumen et al., 2014). With acoustic monitoring data, we were able to confirm these 
occasional visits, although we can only speculate on the purpose. It is possible that 
these visits represent foraging efforts or an attempt to determine food abundance, as 
these visits were mostly two-way movements in both directions along this part of 
coastline. For example, in early February 2011, WS 014 made 3 “round trips” between 
Line 31, SH and Sirayn Island. At 16:45 on Februray 11th, this shark was detected on Line 
31; at 20:22 that night, it arrived at SH and stayed on the grid for 31 mins before its next 
detection on Line 31 again at 14:26 the next day; only 9 mins later around Line 31, the 
shark left and arrived at Sirayn Island the next day; after two days between the island 
and SH, it left the array; 45 days later when the aggregation began, this shark arrived at 
SH, passing Sirayn Island on its way. This distribution also matches with sightings data 
(Cochran, 2014), where sightings were mostly in the vicinity of SH and dispersed along 
the coastline, as all sightings occurred when whale sharks were surface feeding with 
certain feeding modes, presumably due to different densities of food.  
 
Notably, acoustic detections also portrayed a diel horizontal movement pattern with 
two daily migrations between SH and QQ. Some species of micronekton, which are 
known as one of the primary food sources targeted by whale sharks, are known to be 
able to actively swim in relatively long distances (Andersen and Sardou, 1992, Benoit-
Bird and Au, 2006, Burks et al., 2002, Ignatyev, 1996, McManus et al., 2008, Rudstam et 
al., 1989). Diel horizontal migrations of zooplankton and fish are mostly observed in 
near shore habitats and in a fashion of onshore-offshore migration, considered as a 
survival or foraging strategy (Benoit-Bird and Au, 2006, Burks et al., 2002, McManus et 
al., 2008). In the case of this study, tagged whale sharks moved to QQ which is indeed 
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closer to shore than SH is, but also ~13km to the northwest of SH, instead of utilizing the 
nearest shore area. This could be partially explained as a result of tidal movement or 
longshore current influence on micronekton distribution and horizontal migration in this 
area, as the Red Sea is dominated by semidiurnal tides (Rasul and Stewart, 2015). We 
did observe a high density of Lucifer shrimps in the immediate vicinity of one whale 
shark’s mouth while it was actively feeding (Cochran, per. comm.). This diel movement 
of whale sharks, if it is foraging effort targeting Lucifer shrimp swarms, may be driven by 
vertical migration of some mysid species. Some mysids are known to be benthic during 
the day and planktonic at night (Meland, 2002, Takahashi and Kawaguch, 1997). This 
provides a potential feeding route on different mysid species in multiple hotspots 
throughout a diel cycle. This could be further explored with nighttime observations and 
sampling in the future. As some R. typus aggregations occur around feeding 
opportunities associated with seasonal fish or coral spawning events (Gunn et al., 1999, 
Heyman et al., 2001, Robinson et al., 2013), Berumen et al. suggested the possibility of 
whale sharks feeding on coral spawning in this area as spawning events typically happen 
during full moons from April through June (Bouwmeester et al., 2011). If this is the case, 
the hypothesis that whale sharks feed on different food sources during day and night 
still fits the diel movement pattern generated from telemetry data. Although coral 
communities at SH are degraded, those at QQ were in a healthy state. A possible 
foraging strategy of feeding plankton at SH and coral eggs at QQ would need to be 
confirmed with further work. 
 
Acoustic tagging facilitated the long-term behavioral observation of tagged individuals 
within a study array near Al Lith in the Saudi Arabian Red Sea. Our study has revealed 
that this whale shark aggregation is of high seasonality and local density, with a 
distinctive fine-scale spatial and temporal movement pattern. Besides heavy usage on 
Shib Habil, whale sharks consistently utilized a pathway along the coastline of Al Lith, 
between Shib Habil and Qita Al Qursh in peak season and ranging further to Sirayn 
Island during non-peak seasons. Additionally, tagged sharks showed a diel horizontal 
movement pattern in peak season between Shib Habil and Qita Al Qursh. These 
observed movement behaviors are probably associated with food abundance and 
variety fluctuation throughout the year and in different areas of the array covered water. 
These explanations are desired to be confirmed with further array coverage alternation 
and expansion, as well as monitoring on environment factors and human impacts. Our 
study provided more details on this newly described aggregation in a region with limited 
fishery regulation and international access. A better understanding of whale shark 
movement behaviors is still urgently needed for conservation and management efforts 
for this charismatic species. 
 
In this chapter, I studied horizontal movement of whale sharks in this aggregation site 
and discussed the potential explanation of the spatial and temporal patterns observed 
in the movements. However, the divergence in acoustic telemetry data and sightings 
data calls for the investigation into movements in other dimensions. Besides horizontal 
movement, vertical habitat use is another important aspect of the species’ movement 
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ecology. In the next chapter, I will look into the vertical movement of whale sharks and 
present the characteristics and potential drivers of it. 
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2.6 Tables and Figures 

Table 2.1 

Shark ID Location of 
Tagging Date Size (m) Sex Tag Number 

WS 001 Shib Habil 26-Mar-06 3.5-4.0 - A69-9002-1488 
WS 002 Shib Habil 27-Mar-06 4.5-5 - A69-9002-1500 
WS 003 Shib Habil 27-Mar-06 4.5 - A69-9002-1501 
WS 005 Shib Habil 28-Mar-06 4 - A69-9002-1499 
WS 008 Shib Habil 28-Mar-06 3 F A69-9002-2127 
WS 009 Shib Habil 28-Mar-06 5 - A69-9002-1494 
WS 011 Shib Habil 29-Mar-06 - - A69-9002-1487 
WS 014 Shib Habil 11-Apr-06 3.5 M A69-9002-1496 
WS 015 Shib Habil 11-Apr-06 4 F A69-9002-2117 
WS 015 Shib Habil 16-Mar-12 3 F A69-9002-2678 
WS 016 Shib Habil 11-Apr-06 5 M A69-9002-1491 
WS 018 Shib Habil 11-Apr-06 4 F A69-9002-1497 
WS 019 Shib Habil 11-Apr-06 3 F A69-9002-1489 
WS 020 Shib Habil 11-Apr-06 4 F A69-9002-1486 
WS 020 Shib Habil 31-Mar-11 - F A69-9002-1486 
WS 023 Shib Habil 14-Apr-06 6-7 M A69-9002-1498 
WS 024 Shib Habil 3-May-06 3 F A69-1601-0438 
WS 025 Shib Habil 14-Apr-06 4 F A69-9002-2116 
WS 025 Shib Habil 20-Apr-11 3 F A69-9002-15795 
WS 026 Shib Habil 15-Apr-06 6 F A69-9002-1483 
WS 027 Shib Habil 15-Apr-06 3-3.5 - A69-9002-2124 
WS 029 Shib Habil 15-Apr-06 7 F A69-9002-1495 
WS 030 Shib Habil 3-May-06 3 M A69-9002-2128 
WS 031 Shib Habil 3-May-06 3.5 M A69-9002-2673 
WS 032 Shib Habil 14-Apr-06 - - A69-9002-1484 
WS 033 Shib Habil 15-Apr-06 4 F A69-9002-2126 
WS 033 Shib Habil 4-May-12 3 F A69-9002-15812 
WS 034 Shib Habil 21-Apr-06 3 M A69-9002-2120 
WS 035 Shib Habil 21-Apr-06 3 M A69-9002-2123 
WS 036 Shib Habil 21-Apr-06 3.5 M A69-9002-2119 
WS 037 Shib Habil 21-Apr-06 7 M A69-9002-2121 
WS 038 Shib Habil 15-Apr-06 3 F  A69-9002-1482 
WS 039 Shib Habil 26-Apr-06 4.5 F A69-9002-2122 
WS 040 Shib Habil 27-Apr-06 4 M A69-9002-2118 
WS 041 Shib Habil 29-Apr-06 4 F A69-9002-2125 
WS 042 Shib Habil 3-May-06 3 M A69-9002-2129 
WS 043 Shib Habil 6-May-06 3.5 F A69-9002-2672 
WS 044 Shib Habil 10-May-06 4-4.5 F A69-9002-2671 
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WS 045 Shib Habil 10-May-06 3.5 M A69-9002-2666 
WS 046 Shib Habil 11-May-06 3 M A69-9002-2675 
WS 047 Abu Latt 13-May-06 4.5 - A69-9002-2669 
WS 103 Shib Habil 31-Mar-11 4 M A69-9002-15819 
WS 103 Shib Habil 18-Apr-12 4 M A69-9002-15811 
WS 104 Canyon 31-Mar-11 3 F A69-9002-15792 
WS 104 Shib Habil 20-Apr-12 3.5 F A69-9002-15800 
WS 105 Shib Habil 2-Apr-11 - M A69-9002-15784 
WS 106 Shib Habil 2-Apr-11 - - A69-9002-2670 
WS 107 Shib Habil 2-Apr-11 4 F A69-9002-2668 
WS 108 Shib Habil 4-Apr-11 4.5 F A69-9002-15817 
WS 109 Shib Habil 7-Apr-11 4 F A69-9002-15788 
WS 110 Shib Habil 7-Apr-11 4.5 F A69-9002-15775 
WS 111 Shib Habil 13-Apr-11 4 M A69-9002-15774 
WS 112 Shib Habil 14-Apr-11 - - A69-9002-2677 
WS 113 Shib Habil 14-Apr-11 - M A69-9002-2674 
WS 114 Shib Habil 14-Apr-11 3.5 F A69-9002-15791 
WS 115 Shib Habil 14-Apr-11 4 F A69-9002-15783 
WS 116 Shib Habil 14-Apr-11 4 F A69-9002-15794 
WS 117 Shib Habil 15-Apr-11 3.5 M A69-9002-2676 
WS 118 Shib Habil 17-Apr-11 3 - A69-9002-15780 
WS 119 Shib Habil 18-Apr-11 4 M A69-9002-15773 
WS 120 Shib Habil 19-Apr-11 3.5 F A69-9002-15793 
WS 121 Shib Habil 19-Apr-11 3.5 F A69-9002-15786 
WS 123 Shib Habil 19-Apr-11 3.5 M A69-9002-15777 
WS 124 Shib Habil 20-Apr-11 4.5 M A69-9002-15781 
WS 126 Shib Habil 22-Apr-11 3 M A69-9002-15782 
WS 127 Shib Habil 22-Apr-11 5.5 F A69-9002-15789 
WS 128 Shib Habil 22-Apr-11 3.5 - A69-9002-15796 
WS 129 Shib Habil 26-Apr-11 4.5 M A69-9002-15779 
WS 130 Shib Habil 26-Apr-11 3.5 F A69-9002-2681 
WS 131 Shib Habil 27-Apr-11 3 F A69-9002-2683 
WS 202 Shib Habil 16-Mar-12 5 M A69-9002-2130 
WS 203 Shib Habil 16-Mar-12 3 M A69-9002-2682 
WS 204 Shib Habil 29-Mar-12 3 M A69-9002-15820 
WS 205 Shib Habil 19-Apr-12 3 - A69-9002-15822 
WS 206 Shib Habil 19-Apr-12 3.5 M A69-9002-15815 
WS 207 Shib Sulyme 19-Apr-12 3 F A69-9002-15809 
WS 208 Shib Habil 19-Apr-12 4 F A69-9002-2679 
WS 209 Shib Habil 3-May-12 4 F A69-9002-15814 
WS 210 Shib Habil 3-May-12 - - A69-9002-15810 
WS 211 Brown Reef 3-May-12 4.5 M A69-9002-15821 
WS 212 Shib Habil 4-May-12 4 F A69-9002-15802 
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IDs, locations, dates, total lengths, sexes, and tag IDs of whale sharks tagged with 
acoustic tags. 
 
Figure 2.1 

 
Map of the study area. Top right shows site location in the Red Sea. 
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Figure 2.2 

 
(A) Spear with a rigged acoustic tag. (B) Free diver attempting tagging. (C) Close-up on a 
whale shark with a tag at the base of its dorsal fin. Photo credit: Jesse Cochran. 
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Figure 2.3 

 
Longshore paths used by tagged whale sharks. Thickness of lines is in scale to numbers 
of trips between stations. 
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Figure 2.4 

 
Chord diagram showing trips between locations within the telemetry array. Each ribbon 
represents trips departed from locations represented by inner segments with the same 
color as ribbons. Outer segments indicate proportions of arrived trips from other 
locations. 
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Figure 2.5 

 
Percentage of large (blue) and small (red) scale longshore movements in each month 
over 2009-2012 with actual counts of trips in bars. 
Figure 2.6 

 
Counts of trips of two directions and scales in each month. 
Figure 2.7 
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Density curves of averaged detection counts over a diel cycle. (A) Detections of 
departure from SH and arrival at QQ. (B) Detections of departure from QQ and arrival at 
SH. 
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CHAPTER 3 

VERTICAL MOVEMENT AND DEPTH USE OF WHALE SHARKS 

 

3.1 Introduction 

The whale shark (Rhincodon typus, Smith, 1828) is the largest known extant fish species 

and occurs in tropical, sub-tropical and warm temperate oceans (Colman, 1997, Rowat 

and Brooks, 2012, Stevens, 2007). The species is still landed at certain spots where 

regulations are absent or poorly implemented, as its fins and meat are highly lucrative 

and sought for in some regions, and the nature of surface feeding and docility renders 

this species vulnerable to directed fisheries and other fisheries using potentially harmful 

fishing methods (Akhilesh et al., 2013, Capietto et al., 2014, Li et al., 2012, Rowat and 

Brooks, 2012). Tourism focusing on whale shark sightings is growing fast in some coastal 

whale shark aggregation sites, also rising concerns of altering the behaviors of these 

populations (Anderson et al., 2014, Bluemel et al., 2013, Gallagher and Hammerschlag, 

2011, Graham, 2007, Haskell et al., 2015, Norman, 1999, RAUDINO et al., 2016). 

Recently studies showed a decline in observed population and size despite that this 

species has been protected in multiple countries where it occurs (Bradshaw et al., 2008, 

Sequeira et al., 2016). Rhincodon typus is listed as ‘Endangered’ in the IUCN Red List of 

Threatened Species 2016 update and among 8 shark species on Appendix II of the 

Convention on International Trade in Endangered Species of Wild Fauna and Flora 

(CITES). Most known whale shark aggregations occur near shore, hence accessible to 
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human activities (Bach, 2013, Berumen et al., 2014b, Cagua et al., 2015, Heyman et al., 

2001, Rowat et al., 2007, Wilson et al., 2001). Functional conservation strategies and 

regulations require a thorough understanding of whale shark movements and behaviors 

in these critical coastal areas. Although numerous tagging projects on marine 

megafauna, including whale sharks, have been focused on horizontal movement on 

various geographic scales using multiple tagging methods (Berumen et al., 2014b, Braun 

et al., 2014, Brunnschweiler and Sims, 2012, Cagua et al., 2015, Graham et al., 2006, Hsu 

et al., 2014, Nakamura et al., 2015, Shepard et al., 2006b), finer scale vertical 

movements and behaviors within the near shore aggregation sites are less studied 

largely due to previous limitations of tagging technology. 

 

Vertical movement of marine megafauna is usually interpreted as the attempt of the 

individual to track food, regulate metabolism, or optimize foraging efforts (Martin, 

2007, Rowat and Brooks, 2012). Some studies involving movements of R. typus have 

emphasized their surface or near-surface feeding behavior with data showing depth use 

distributions heavily skewed to the shallow layers of water column (Berumen et al., 

2014a, Brunnschweiler and Sims, 2012, Eckert et al., 2002, Graham et al., 2006, Tyminski 

et al., 2015, Wilson et al., 2006). In oceanic waters, dives to epipelagic zone have been 

observed frequently, while in less common cases, some dives even reach mesopelagic 

and bathypelagic depths (Berumen et al., 2014a, Brunnschweiler and Sims, 2012, Eckert 

et al., 2002, Rohner et al., 2013, Rowat and Gore, 2007, Tyminski et al., 2015, Wang et 

al., 2012, Wilson et al., 2006). Different diel patterns of vertical movement have also 
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been observed and discussed concerning biotic and abiotic conditions influencing filter 

feeding sharks and potentially their prey (Gleiss et al., 2013, Sims et al., 2005, Tyminski 

et al., 2015). However, while many of the known aggregation sites are so close to 

human impacted areas that whale sharks could be easily affected, knowledge on finer 

scale movement and behaviors within these sites is limited. 

 

In the central Red Sea, juvenile whale sharks aggregate annually around a submerged 

reef, Shib Habil, located approximately 5 km off the town of Al Lith, Saudi Arabia 

(Berumen et al., 2014, Cochran et al., 2016). Satellite and acoustic tagging revealed that 

the majority of this population dispersed in the southern Red Sea after the aggregation 

period from March to May. Data from satellite tags showed that besides the majority of 

time spent in the upper 50 m, frequent dives to 500 m were also present when whale 

sharks left the aggregation site to open waters (Berumen et al., 2014a). Acoustic 

monitoring showed concentrated use in the vicinity of Shib Habil (Cochran, 2014), as 

well as frequent longshore movements in both directions with a slight diel pattern 

(unpublished data). In this study, my goal is to characterize fine scale vertical 

movements while the whale sharks aggregate near shore, hence gain insights on the 

species behaviors and the nature of this aggregation. 
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3.2 Methods 

3.2.1 Study Area 

Historical whale shark sightings on the Saudi coast of Red Sea are primarily reported by 

local dive agencies and fishermen at the area near Al Lith. This area contains mangrove 

habitat and numerous coral reefs on the continental shelf that extends 20 km from the 

coast. Shib Habil is a submerged reef platform extending northwest to southeast, 

approximately 5.5 km long and 4 km off the coast (Figure 3.1). Depth of the area near 

Shib Habil does not exceed 100 m. Most of our searching and tagging efforts are at this 

area. As one of the major fishing ports on the Saudi Arabian Red Sea coast, Al Lith holds 

a large artisan fishing community that primarily utilizes the coral reefs nearby, including 

Shib Habil. Fishing activities are primarily hook-and-line and less common gillnetting and 

traps. To the northwest of this reef lies a large coastal lagoon covering over 90 km2. The 

National Aquaculture Group of Saudi Arabia utilizes the inshore side of the lagoon as the 

site for very large aquaculture operations (primarily shrimp). The operation pumps in 

seawater from waters adjacent to the shrimp ponds and discharges wastewater (the 

ponds are fed via flow-through, gravity-based water movement) from an outlet ~4.5 km 

northeast of Shib Habil (see Hozumi, 2015). 

 

3.2.2 Tagging 

To acquire high-resolution depth and acceleration data, we used OpenTag (Loggerhead 

Instruments, Florida, USA), an Arduino-compatible open-source inertial measurement 
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unit (IMU) for recording high-speed motion sensor data to a microSD memory card. The 

tag is reusable, rechargeable, and reprogrammable to meet various tagging methods. 

Customized OpenTag package contains multiple sensors including an accelerometer, a 

magnetometer, a gyroscope, a pressure sensor (0.5 cm resolution), a temperature 

sensor (0.015 °C resolution), and a F1835 Very High Frequency (VHF) tag (ATS, 

Minnesota, USA) for retrieving. Parameters of each sensor onboard can be programmed 

with a script file in the microSD memory card. The sampling rate of pressure and 

temperate sensor was set to 10Hz and other sensors 50 Hz for this study, the setting of 

which will result in a 10 days battery life. 

 

For biologging tags with accelerometers, firm attachment on the animal is required for 

accurate data that reflects the animal’s activities. OpenTag was originally designed for 

marine mammals tagging, so the plotting was to attach the tag to animal’s smooth body 

surface with suction cups. As the surface structure of shark skin excludes this option, I 

coordinated with the manufacturer and co-designed a barbed tip at the front of the tag. 

The tip should be connected to a Hawaiian sling and pierce into the thick shark skin 

along with the tag. The tag package will detach from the tip once the burn wire 

connecting these two parts is energized and later on corrodes in seawater. Time of the 

burn wire being energized can be programmed in the microSD memory card (Figure 

3.2).  
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However, in 2015 season, after our first a few attempts in the field to attach the tag 

package to whale sharks with this method, we realized that the barb tip couldn’t be 

pierced deep enough into the shark skin to secure its attachment, and the connecting 

point of the tip to the Hawaiian sling couldn’t stand such impact. Alternative options 

were then proposed including a customized clamp and elastic cords. As we were already 

amid the aggregation season, we decided to use elastic cords fixed to tags to wrap 

around the dorsal fins of sharks and galvanic timed releases (Neptune Marine Products, 

Washington, USA) to attain release after planned time periods. After success with elastic 

cords, rubber tape was also used in the same fashion to minimize rotation (Figure 3.2). 

The disadvantage of these two methods is that both require the person who performs 

the tagging to be strong and very fast in water. Very limited people were able to execute 

these deployments.  

 

Before the 2016 season started, I coordinated and worked with engineers from the 

university workshops to customize a tagging package that could be attached to the 

shark fin with less effort and still capable of firmly attaching and self-releasing. The 

outcome, however, was not as expected and could require much more time and work to 

achieve a viable production. A customized clip was then suggested as a substitution and 

realized by Dr. Jesse Cochran and Royale Hardenstine by attaching the tag to a large 

wood clip, which has an adequate opening angle to fit to the dorsal fin of whale sharks. 

To increase friction on shark skin, nylon fiber pads were adhered to inner surfaces of the 

clip. The tag was attached to the clip with cable ties and a galvanic timed release. The 
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release served as a single point connecting the tag and the clip and when it breaks from 

corrosion, the tag will detach from the clip. The remaining clip will also detach within a 

few days resulting from the corrosion of the clip spring. 

 

After detachment, the slightly positive buoyant tag package would float on the sea 

surface and the VHF tag will be able to emit signal in air. Retrieving of the tag was 

realized using FSH handheld spectrum analyzer (Rohde & Schwarz, Germany) to scan for 

the specific frequency from the VHF tag. Searching directions were decided after 

securing a stable signal that strengthens as we approach in the right direction. Such 

approach, though seemingly risky, is the most reliable method we could achieve so far. 

 

The process of finding a proper attaching method was indeed time consuming and 

sometimes frustrating. While the “wrapping” method yielded longer deployment time, 

due to the extreme difficulty of performing this method, I still recognize the “clipping” 

method as a further improvement and utilization value. Some manufacturers use similar 

methods for satellite or archival tagging of other sharks (e.g. great white sharks and 

tiger sharks). With proper modification on the clip’s size and connection with the tag, 

this method is potentially the applicable and reliable solution for future studies that 

utilize biologger tagging. 

3.2.3 Data Treatment 

Data from retrieved tags were downloaded as dsg files and converted to text files using 

OpenTag DSG2CSV program. MATLAB code ot_AHRS for opening and plotting dsg files 
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was also used for initial data inspection. To detect differences of depth and temperature 

between day and night (determined by sunset/sunrise time at the deployment date), we 

used two sample t-tests. To detect differences among different stages of a diel cycle, we 

used one-way ANOVA test and Tukey’s HSD tests. To investigate the relationship 

between dive depth and velocity, smoothing was used with the mgcv package for R. 

Statistical analyses were performed using the Stats package for R. 

 

3.3 Results 

In aggregation seasons of 2015 and 2016, we tagged eight whale sharks with 

aforementioned tagging methods in the vicinity of Shib Habil, and retrieved five tags, 

four of which with usable data and one broken. The broken tag was probably due to a 

failed O-ring that allowed leaking at depth, leading to a pressurized chamber in the tag 

that shot off as the whale shark ascended to shallower layers. Two of the four retrieved 

tags were found floating near the reef using the spectrum analyzer, one was retrieved 

while the tagged shark was re-sighted, and one was sent back to us by a local fisherman 

who found it. Data from the four retrieved tags covered 52 h of tagging time period in 

total (Table 3.1).  

 

3.3.1 Depth Use 

Depth profiles of the four tagged whale sharks showed a dynamic depth use through the 

deployment period (Figure 3.3). On average, the sharks we tagged spent a dominant 
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90.8% of time in the top 20 m of the water column, although within the range of 0-20 m 

depth, distribution varied among individuals (Figure 3.4). Two sharks with longer 

deployment periods, WS402 and WS503, revealed shallow dives within the top 20 m 

besides the primary surface swimming. While they both occupied top 20 m most of the 

time, WS503 seemed to be more focused with a large portion at ~5-18 m, and WS402 

had more deep use of the water column. WS35 was tagged from 8:06 to 13:48 and 

showed a slight increase of shallow dives compared to WS107, which was tagged only 

during the morning, while WS107 reached 97.9% in <20 m time. In accordance with our 

sightings in the field (Cochran, 2014), early morning is the period when whale sharks 

spent most time at or near the surface. Around noon, tagged whale sharks abruptly 

shifted behaviors, starting repeated and intensive dives between the surface and 

bottom of this area. The behavior is also consistent with sporadic sighting records during 

the afternoon. These high frequency oscillations shortly paused around sunset and were 

replaced by surfacing for approximately one hour. This again supports sighting data in 

this area. WS402 and WS502, the two sharks with tag deployment through the night, 

continued their oscillations untill the tag self-released. In general, whale sharks we 

tagged showed a dynamic yet surface-focused depth use. 

 

3.3.2 Diel Vertical Migration 

As whale sharks WS402 and WS503 were tagged for approximately one diel cycle, their 

depth distribution of day and night was examined (Figure 3.5). There was a significant 
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difference of depth use between day and night in both sharks (t-test pws402=0.0000, 

pws503=0.0000).  

 

These two whale sharks mostly utilized shallow water, but also exhibited frequent dives 

throughout the diel cycle. WS402 spent 81.6% and 86.4% of its deployment time in the 

top 20 m water column during daytime and nighttime, respectively. The daytime and 

nighttime values for WS503 were 92.7% and 94.1%, repectively. If we narrow this down 

to less than 5 m below the sea surface, WS402 spent 66.4% and 42.7% of time in this 

layer during the day and night, WS503 64.6% and 32.0%. Considerable amount of near-

surface time was still present at night, but shallow and intensive dives increased. 

Particularly in WS503, depth use at approximately 5 m showed notable increase 

comparing to its daytime depth use, also more intensive than the increase in WS402.  

Whale sharks reached the deepest depths all in dives during the day, while at night both 

sharks exhibited shallower dive depths. 

 

Additionally, depth use was examined in details to different stages of the day for all 

tagged sharks (Figure 3.6). Dusk and dawn periods are defined as 30 min before and 

after sunset and sunrise time of the day when sharks were tagged. In the case of 

WS402, except between “morning” and “dusk” (Tukey’s HSD test p=0.9998), the depth 

uses in all other stages were significantly different from each stage (Tukey’s HSD test 

p=0.0000). WS503 showed similar depth use patterns through the diel cycle, with only 

the stages of “after midnight” and “dawn” not significantly different (Tukey’s HSD test 
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p=0.0737), while in all other stages WS503 used different depths (Tukey’s HSD test 

p=0.0000). WS35 also showed varied use of depths between stages of “morning” and 

“afternoon” (Tukey’s HSD test p=0.0000). 

 

3.3.3 Vertical Velocity in Dives 

All individuals in this study exhibited a dynamic pattern of absolute vertical velocities 

during their deployment periods, with a mean absolute velocity of 0.11±0.0002 m/s and 

a maximum instantaneous velocity of -1.07 m/s in descents and 0.90 m/s in ascents 

(Figure 3.7). A smoothing was achieved using generalized additive model (GAM), 

showing the morning stage of lower vertical velocities in WS402 and WS503.  

 

All dives of tagged whale sharks were then extracted from depth data based on the 

following criteria: 1) the dive was over 10 m at its deepest point; 2) the dive started and 

ended both at “surface zone”, defined here as the layer between -2 m and the surface. If 

a dive consisted of more than one uniform descending and one uniform ascending 

phase, descending and ascending phases were separately grouped and calculated based 

on tagged individuals and diel stages.  

 

Descent and ascent phases of each dive were investigated, showing that absolute 

vertical velocities in ascent phases were larger than those in descent phases in all tagged 

sharks except WS107 (paired t-test pws402=0.0000, pws503=0.0000, pws35=0.0169, 

pws107=0.4486) throughout the deployment period (Figure 3.8). 
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Absolute vertical velocities were also examined for diel variances. For descent and 

ascent phases, dives during the day had a larger velocity than those during the night 

(td=0.0000, ta=0.0010) (Figure 3.9). 

 

To examine the relationship between vertical velocity and depth in all dives, I used a 

value, descent velocity over ascent velocity (d/a), to demonstrate their variances. When 

d/a value is larger than 1, descent velocity is larger than ascent velocity, and vice versa. I 

plotted all d/a values to the depths of those dives extracted with aforementioned 

criteria, along with a regression line using GAM (Figure 3.10). The smoothed line shows 

a large portion of dives sharing a slow descent/fast ascent mode. After four irregular 

dives (one on top left, three on top right, Figure 3.10a) with extreme large descent 

velocities were excluded from analysis, the mode becomes more distinct, specifically in 

deeper dives (Figure 3.10b). In one of the four excluded dives, the ascent phase 

consisted of a short ascending and extended subsurface yo-yo dives (WS503 near 

dawn); the other three excluded fast-descending dives were all around 60 m deep and 

probably caused by close encounters of our research boat (WS35 between 12:00 and 

13:00). 

 

3.4 Discussion 

In this study we characterized vertical movements of juvenile whale sharks in the Red 

Sea in high-resolution details using open-source biologging tags. Whale sharks in this 
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aggregation have a very strong usage of top 20 m of the water column, making up to 

90.8% of the whole deployment period. Our results also suggest a diel vertical 

movement pattern in these tagged individuals, which includes a deeper depth use at 

night with shallow oscillations, comparing to dominant near-surface activities with 

scattered deep dives during the day. Significant depth changes among multiple stages of 

diel cycle are also present. Vertical velocities during dives are generally larger during the 

day and in the ascent phase, comparing to nighttime and the descent phase, 

respectively. When diving to greater depths, whale sharks tend to utilize slower vertical 

movements. 

 

3.4.1 Depth Use in a Diel Cycle 

Whale sharks tagged in this study showed a complex depth use, with intensive shallow 

layer activities and various dive patterns throughout the diel cycle (fig 3 4 6). Consistent 

with other whale shark studies involving vertical migration (Brunnschweiler and Sims, 

2012, Rowat and Gore, 2007, Tyminski et al., 2015, Wang et al., 2012, Wilson et al., 

2006), they spent a considerable proportion of their time in shallow layers (90.8% in <20 

m). Much of their near-surface time was during the morning with a brief period near 

dusk, and between these notable surface-swimming periods, frequent dives of various 

depths were present. This pattern is unique to other whale shark studies in coastal, 

bathymetrically constrained waters, where R. typus showed surface swimming at 

sunrise and vertical oscillations in mid-afternoon off the northeast Yucatan Peninsula 

(Tyminski et al., 2015), or the similar distinct day-night depth shifting at the coastal 
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waters off Ningaloo Reef (Wilson et al., 2006). One character of the sharks tagged in our 

study is that although near surface time was still dominant viewing from their depth 

profiles, they had significantly shorter periods consisted of exclusive surface swimming 

(figure 3). Previous studies have suggested that nocturnal use of deep water may 

increase feeding opportunities in filter-feeding sharks (Graham et al., 2006, Nelson et 

al., 1997, Shepard et al., 2006a, Sims et al., 2006). Considering that the individuals in this 

aggregation are all juveniles and the aggregation is seasonal and highly concentrated 

(Berumen et al., 2014a, Cochran et al., 2016), feeding activity should cover a longer 

period than solely in the morning. Vertical oscillations of whale sharks are usually 

interpreted as foraging efforts (Gleiss et al., 2013), in this study, however, we 

hypothesize these oscillations involve feeding on deeper prey based on aforementioned 

reason. 

 

Researchers provided evidence that in Ningaloo Reef, whale sharks spent time on the 

surface as a strategy of thermo-regulation after activities in deep, cool water (Thums et 

al., 2012). In Afuera of Mexico, researchers suggested similar strategy in whale sharks to 

prevent overheating (Tyminski et al., 2015). Being the second warmest sea after Arabian 

Gulf, Red Sea sea surface temperature can reach up to 34 °C in summer. During our 

deployment period, temperature profiles of WS402 and WS503 showed a morning 

increase in near surface water temperature recorded by the tag when sharks were near 

the surface (Figure 3.11). When surface temperature reached ~30.5 °C, these two 

individuals started dives and continuously achieved cooler waters around 14:00. During 
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this process, whale sharks still perform brief surface swimming between dives instead of 

simply staying deep and cool, indicating that they could feed briefly in shallow layers 

and utilize the dives as foraging attempts as well. Hence it’s rational to propose that the 

shift from surface swimming to dives in the afternoon could be a strategy to balance 

feeding and thermoregulation. 

 

The unique short surface swimming around dusk in our study site might be related to 

various factors, one of them being food source. Sighting records and acoustic telemetry 

detections indicate that this aggregation is highly focused on the exposed side of the 

reef Shib Habil (Cochran, 2014 #645), while reef associated benthic plankton species are 

known to exploit crepuscule periods to vertically migrate (Heidelberg et al., 2010, 

Heidelberg et al., 2004, Ohlhorst, 1982, Yahel et al., 2005). During our fieldwork in this 

area, luciferid shrimp Lucifer hanseni (Figure 3.12) was sampled using hand net 

immediately next to whale sharks engaged with gulping feeding behavior, and identified 

in laboratory as the predominant species in the samples. Different from reported food 

sources of other R. typus aggregations, L. hanseni utilizes vertical movement to achieve 

landward transport by means of tidal currents (Sankarankutty and Barca, 2000, 

Woodmansee, 1966), which could be an explanation of the brief surfacing. 

 

Two whale sharks with diel cycle deployments, WS402 and WS503, exhibited some 

features of a reverse diel vertical migration, with dominant surface swimming during 

daytime and the main body of depth use deeper after dark. While this general reverse 



 81 

DVM pattern seems to be similar to that of whale sharks in the eastern Gulf of Mexico 

(Tyminski et al., 2015) and basking sharks in England inner-shelf areas(Sims et al., 2005), 

day-night variance in our study was less distinct (Figure 3.5). Aside from the 

bathymetrical constraint in our study, the shift with shallower oscillation depths 

between midnight and sunrise statistically contributed to the results (Figure 3.6, WS402 

and WS503). Although zooplankton with DVM/reverse DVM often initiates migrating 

prior to sunrise (Klevjer et al., 2012, Maren and Stein, 1998), no studies indicate early 

migration since midnight in non-arctic waters. As adult L. hanseni are capable of DVM 

and have the potential to synchronize spawn during the night for least predation 

mortality (Lee et al., 1992), it is reasonable to consider this behavior as a driver for the 

change in diving depths of whale sharks in post-midnight hours, but this need to be 

confirmed with future study on L. hanseni in this region. Researchers also hypothesized 

that possible little tunny spawning event in the Afuera triggered the midnight shift of 

whale sharks to surface water with increased vertical velocities (Tyminski et al., 2015). 

However in our study, vertical velocities towards sunrise lowered comparing to the first 

half of the night (Figure 3.7 WS402 and WS503), rising the possibility of the speculated 

L. hanseni spawning in the fist half of the night, rather than the second. 

 

3.4.2 Vertical Velocity in Dives 

A few studies have suggested gliding behavior in dives of various marine species 

including whale sharks (Gleiss et al., 2011b, Meekan et al., 2015), white sharks (Del Raye 

et al., 2013), reef manta rays (Braun et al., 2014), and Japanese flounders (Takagi et al., 
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2010). This behavior utilizes negative buoyancy to accomplish both horizontal and 

vertical movements with optimized energy usage. Whale sharks in this study also 

exhibited this behavior (Figure 3.8), and the mode became more distinct in deeper dives 

(Figure 3.10). Such trend correlates with the theory that the behavior aims at energy-

economically horizontal movement and foraging, as deeper dives with this pattern 

harvest more benefits than shallower dives. Although whale sharks are known to be 

capable of utilizing chemosensory cues to locate food (Dove, 2015), it is not clear if they 

are able to detect surface food when at depth. As the dives in the afternoon might be 

related to avoidance of heat at shallow layers, their benefits could potentially 

compensate the penalty of less surface feeding periods, rationalizing the seemingly 

early depth shift. 

 

In a study investigating diel patterns in whale shark activities of Ningaloo Reef, evidence 

was provided on increased activity intensity when foraging during twilight period, 

including vertical velocity and energy consumption (Gleiss et al., 2013). In our study, 

although similar dusk feeding event was observed, data indicated a different 

characteristic: decrease in vertical velocity (Figure 3.7 WS402 and WS503). This is 

primarily due to differences in the foraging behavior prior the feeding event. Instead of 

initiating vertical search of the water column (Gleiss et al., 2013, Taylor, 2007), sharks in 

our study shifted directly from repeated dives through the afternoon to predominant 

surface swimming. Prey of different species probably accounted for these two types of 

dusk foraging. 
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Four irregular dives were excluded to investigate the correlation between vertical 

velocity and diving depth (Figure 3.10b). Besides one dive with yo-yo dives in the overall 

ascent that caused inaccuracy in ascent velocity, the other three dives demonstrated 

faster descents (~0.8 m/s) than ascents (Figure 3.13). The first two consecutive dives 

occurred in a short period of time when we re-encountered the tagged shark on our 

research vessel. Although deep dives commencing around noon in this study are 

speculated to be for heat avoidance and foraging, these three dives clearly didn’t fit the 

goal of optimizing energy consumption, as fast, active descents apparently cost more 

energy than gliding. Studies have discussed the avoidance behaviors of whale sharks to 

the presence of vessels and swimmers (Bluemel et al., 2013, Haskell et al., 2015, 

RAUDINO et al., 2016) and specifically, a logistic regression model for whale shark 

behaviors suggests that a whale shark that has been exposed to multiple encounters is 

more likely to exhibit dive response (Quiros, 2007). Such disturbance-led responses may 

affect energy regulation of species, especially large filter feeding marine animals with 

relatively higher energetic optimizing needs (Gleiss et al., 2011a, Parker and Boeseman, 

1954), raising concerns on conservation strategy design for animals like whale sharks to 

cope with sea transportation, fishery, and the still growing eco-tourism targeting marine 

species. 

 

In this chapter, I studied vertical habitat use of whale sharks in the aggregation site and 

the behavior drivers it reflected. To further investigate how these behaviors were 
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triggered and performed, in the next chapter I will examine an important perspective of 

animal life, especially juvenile animals that focus on gaining and growth: energy 

expenditure. 
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3.6 Tables and Figures 

Table 3.1 

Shark 
No. Sex TL 

(M) 
Tagging 
Date 

Deployment 
Duration (h) 

Max. Depth 
(m) 

Min. Temp. 
(°C) 

402 F 5.5 4/27/15 22 63.7 25.9 
503 M 5 4/28/15 22.5 53.9 28.3 
35 M 5.5 3/31/16 5.5 63.2 26.9 
107 F 7 4/24/16 2 59.8 30.5 
 

ID, sex, total length, tagging date, duration, maximum depth, and minimum 

temperature of tagged whale sharks. 

 

Figure 3.1 

 

Map showing location of the study site. Top left indicates site location in the Red Sea. 

Figure 3.2 
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Attaching methods used for OpenTag. (A) OpenTag wrapped on the dorsal fin with an 

elastic cord. (B) OpenTag attached using a wooden clip. 
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Figure 3.3 

 

Depth profiles of four tagged whale sharks. 
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Figure 3.4 

 

Violin plots showing the overall depth distributions of four tagged whale sharks. White 

dots are medians and black bars are inter-quartile ranges. 

 

Figure 3.5 

 

Violin plots show depth use of WS402 and WS503 during daytime and nighttime. White 

dots are medians and black bars are inter-quartile ranges. 
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Figure 3.6 

 

Depth use of four tagged whale sharks during stages of the day. 
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Figure 3.7 

 

Absolute vertical velocities of four tagged whale sharks through their deployment 

periods. Blue lines are fitted regression lines. 
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Figure 3.8 

 

Absolute vertical velocities of four tagged whale sharks in descent and ascent phase of 

all dives. Diamonds represent medians and horizontal lines represent means. 

Figure 3.9 

 

Absolute vertical velocities grouped by phases of dives and diel stages.  
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Figure 3.10 

  

Values of descent velocity over ascent velocity. (B) Values and regression line excluding 

irregular dives from (A). 

Figure 3.11 

 

Temperature profiles of WS402 and WS503, showing decreased temperature with 

deeper dives during early afternoon.  
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Figure 3.12 

 

Lucifer hanseni collected in the vicinity of a feeding whale shark. Photo credit: Gauri A 

Mahadik. 

Figure 3.13 

 

Irregular dives with high descent velocities and low ascent velocities. 
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CHAPTER 4 

ENERGY EXPENDITURE OF AGGREGATING WHALE SHARKS 

 

4.1 Introduction 

Rates of energy acquisition and expenditure correlate with virtually all activities in free 

ranging animals, hence dominating life history strategies (Brown et al., 2004). As energy 

is limited in environments where animals are able to expend and acquire energy, at 

least the rate at which it can be used, strategies of energy expenditure while foraging 

are critical (McNamara and Houston, 1996, Speakman and Król, 2010). To study energy 

expenditure in animals, proper measurement methods are essential and yet difficult. 

Doubly labeled water (DLW) (Lifson and McClintock, 1966, Speakman, 1998) and heart 

rate techniques (Butler and Jones, 1997) have been available options for a long period 

before advanced electronic telemetry emerged (Cooke et al., 2004). Accelerometry is a 

leap in technology for animal behavior research, as the device that performs such 

measurements can be deployed to free ranging animals of reasonable body size 

compared to the device, with negligible impacts on the study animal (Hussey et al., 2015, 

Stone et al., 1999).  

 

The method is based on the concept that most behaviors of animals involve movement 

and hence energy to be expended (Wilson et al., 2006a). Accelerometry measures 

acceleration on certain axes, usually at a frequency high enough to detect most 
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movements performed by the target animal (Sato et al., 2008, Wilson et al., 2006a, Yoda 

et al., 2001, Yoda et al., 1999). Results of accelerometry can be interpreted combining 

all axes and reconstructed in a directly perceivable fashion to describe detailed animal 

movements. In recent years, Overall Dynamic Body Acceleration (ODBA) has been 

proved to correlate well with the rate of oxygen consumption or energy expenditure 

(Halsey et al., 2009b, Halsey et al., 2008, Shepard et al., 2009), and has been used in a 

wide range of species (Davis and Williams, 2012, DeRuiter et al., 2013, Fossette et al., 

2012, Halsey et al., 2009a, Lyons et al., 2013, Noonan et al., 2014, Watanabe et al., 2013, 

Williams et al., 2014). Vectorial Dynamic Body Acceleration (VeDBA), as a similar proxy 

for rate of oxygen consumption, was suggested to be more appropriate and later 

examined (Bidder et al., 2012, Gleiss et al., 2011c, McGregor et al., 2009, Qasem et al., 

2012). Results indicated that both are good proxies for oxygen consumption, while 

VeDBA is more accurate when device orientation is not consistent (Qasem et al., 2012).  

 

Behaviors and energy conservation strategy of animals change to adapt to optimum at 

various life stages, environments, and temporal dimensions (Alcock, 1989, Rosenblueth 

et al., 1943). For large planktivorous filter-feeders like whale sharks, efficient energy use 

is especially critical since their prey are usually widely varied in time and space, 

rendering locating and acquiring food source a large challenge (Meekan et al., 2015), 

especially maintaining life activities of large bodies simultaneously. Understanding 

energy expenditure and related strategy is of enormous significance to the success of 

conservation for this species. 
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Whale sharks in the Red Sea aggregation have been studied on their large-scale 

movement, population and connectivity (Berumen et al., 2014, Cochran, 2014, Cochran 

et al., 2016). However, drivers of the aggregation were still not comprehensively 

understood. In this study, in order to correlate the observed behaviors and strategies 

behind them, I aim to look deeper into their behaviors during the aggregation from an 

energy expenditure perspective. 

 

4.2 Methods 

4.2.1 Study Area and Tagging 

The study was carried out in the same aggregation site, Shib Habil, where we tagged and 

successfully retrieved four accelerometer tags. Details of the area and tagging 

procedures are present in methods of Chapter 3. 

 

4.2.2 Data Handling 

3-Axis acceleration data were downloaded with customized software from Loggerhead 

and visually examined using MATLAB script ot_AHRS based on Madgwick Algorithm. 

When being calculated for DBA, all original data were smoothed over a running mean of 

0.5 s using R package TTR to optimize computing effort. To examine activity levels in 

different stages of the diel cycle, dusk and dawn were defined as the hour centered with 

sunset and sunrise of the tagged day. Night1 and night2 were divided by midnight. 
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4.2.3 Statistical Analysis 

Statistical analysis was performed using internal R commands and package pastecs. 

Differences of VeDBA between multiple stages of the diel cycle were tested using 

TukeyHSD test. Plotting was achieved with R package ggplot2. 

 

4.3 Results 

4.3.1 Overall Energy Expenditure 

During Shib Habil whale shark aggregations in 2015 and 2016, four OpenTags were 

tagged on four whale sharks and later on retrieved, providing over 50 h of high-

resolution 3-axis acceleration data with over 3x106 data points (Table 4.1). Mean VeDBA 

over the deployment period was 0.0931±0.0768 g, while maximum and minimum were 

2.2570 g and 0.0002 g, respectively. 

 

To examine energy expenditure of the tagged whale sharks during their deployment 

periods, individual VeDBA profiles were plotted against time (Figure 4.1). WS402 and 

WS503 both exhibited patterns of high activity levels in the morning and around sunset, 

which coincided with their surface swimming periods described in last chapter. Low 

activity levels dominated afternoon and nighttime, except that the second half of 

nighttime in WS402 had a slight increase. Tagged only during the morning and early 
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afternoon, WS35 and WS107, respectively, showed high activity levels through their 

deployment periods.  

 

VeDBA values of these four sharks were grouped into multiple stages of the diel cycle 

when applicable (Figure 4.2). During morning and dusk, whale sharks were the most 

active with highest mean VeDBA values (0.1254±0.0923 g and 0.1577±0.1093 g, 

respectively). In the periods of afternoon, the time between sunset and midnight, and 

dawn, activity was much lower (mean VeDBA values are 0.0791±0.0730 g, 

0.0788±0.0714 g, and 0.0763±.0576 g, respectively), and hit the lowest VeDBA between 

midnight and sunrise (0.0723±0.0553 g). To further explore the difference between 

morning and dusk VeDBA, activities were examined between morning and dusk. 

Accelerations in surge, sway, and heave suggested the major contribution in activity 

level difference is sway (Figure 4.3). 

 

4.3.2 Diving Energy Expenditure 

A total of 189 dives were extracted from all biologging tracks. Dives during deployment 

periods of four sharks exhibited a trend of lower mean instantaneous VeDBA value in 

deeper dives (Figure 4.4). When each single dive was divided into a descent phase and 

an ascent phase, mean VeDBA value appeared to be higher in ascent phases of 

shallower dives and descent phases of deeper dives (Figure 4.5). 
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In dives shallower than 30 m, ascent phases consumed more energy than descent 

phases (paired t-test, t=0.005); while in deeper dives over 30 m, descent phases 

consumed more energy (paired t-test, t=0.013) (Figure 4.6). Although there were too 

few U-shaped dives to provide meaningful comparison, the mean VeDBA value during 

bottom time of U-shaped dives (0.1101±0.0300 g) was higher than descent and ascent 

phases (0.0884±0.0440 g and 0.0954±0.0390 g) in shallower dives. In deeper U-shaped 

dives, mean VeDBA value of bottom time (0.0612±0.0251 g) lay between that of descent 

(0.0655±0.0241 g) and ascent (0.0562±0.0302 g) phase. Nonetheless, during bottom 

time, mean VeDBA in shallower dives were higher than that in deeper dives (t-test, 

t=0.018). 

 

4.4 Discussion 

Dynamic Body Acceleration (DBA), as an effective proxy for energy expenditure in free 

ranging animals (Gleiss et al., 2011c, McGregor et al., 2009, Miwa et al., 2015, Qasem et 

al., 2012, Wright et al., 2014), provided insights to energy use of whale sharks 

aggregating in the Red Sea. We were able to get a better understanding of whale shark 

behaviors and to identify kinetically important stages in this coastal aggregation. As 

stated in recent studies, when orientations of data-loggers vary between tagged animals, 

Vectorial Dynamic Body Acceleration (VeDBA) may be a more accurate predicator of 

activity level or energy expenditure level than Overall Dynamic Body Acceleration (ODBA) 

(Halsey et al., 2009c, McGregor et al., 2009, Miwa et al., 2015, Qasem et al., 2012). In 

this study, since we used different methods to attach the tag onto individual sharks, and 
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the tag orientations with the same method were also not consistent (see Chapter 3), 

VeDBA was chosen over ODBA as the appropriate proxy.  

 

Activity level peaked throughout the morning and briefly around sunset, during which 

time most of surface swimming behavior was also present according to depth profiles of 

these sharks shown in Chapter 3. However, dusk significantly exceeded morning in 

mean VeDBA values (t-test, p<0.01), indicating a more concentrated feeding period 

around dusk. As Figure 4.3 shows, sway contributed the major part in activity level 

difference. Although in most of our sightings, whale sharks at the surface were engaged 

in active surface feeding, the ram-filter behavior in these individuals became particularly 

strong during dusk feeding, as the increase in sway acceleration represented intensified 

tail beats. Hence we propose the existence of a higher food density that triggers ram-

filtering feeding behavior during dusk hours in this aggregation site.  

 

This raises concern for potential disturbance or even hazard of porting fishing boats on 

whale sharks. Traditionally an important fishing port of the Saudi Arabian Red Sea, the 

town of Al Lith holds a considerable number of small boats used by artisan fishermen 

and some boats with recreational purposes. As local regulation demands, all porting 

boats must be examined at the coast guard station located only 4 km northeast of the 

northern tip of Shib Habil, where most of our sightings occurred. Virtually all boats that 

steam further off shore will navigate through this area on their way back to the port, 

and by local regulation, before dark, which coincides with the activity peak of surface 
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feeding whale sharks. This situation poses threats to both fishermen and whale sharks. 

Although a royal decree enacted by the Ministry of Agriculture in 2008 bans sharks 

fishing or other fishing activities that are hazardous to sharks in Saudi waters, it has 

been poorly implemented (Spaet and Berumen, 2015), and no specific regulations on 

conservation of whale sharks exist. During our fieldwork, marks and cuts on the body 

surface of whale sharks were not rare, some of them very new (Braun et al., 2014) 

(Figure 4.7).  

 

Regarding this situation, here I propose regulations that can serve to reduce possibility 

of boat colliding and net/line entanglements of aggregating whale sharks in this area 

during the aggregation season. 1) Educational sessions on whale sharks for the local 

fishing community; 2) Encouraging reporting of whale shark sightings to the 

administration (e.g., through Coast Guard station); 3) Prohibition of entering in the 

immediate vicinity of Shib Habil during the aggregation season (mid-March to late-May); 

4) Speed limits on fishing and recreational boats within the larger Al Lith coastal area; 5) 

Prohibition of net fishing near Shib Habil.  

 

Probably due to various targeted food source, whale sharks from multiple studies 

exhibited drastic differentiation in crepuscular behaviors. Intensive surface swimming 

and feeding behaviors were observed in this study and in Ningaloo Reef, while deep 

dives were often recorded in twilight hours as well (Tyminski et al., 2015, Tyminski et al., 

2008, Wilson et al., 2006b). Several hypotheses on crepuscular dives of marine species 
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were proposed, including: 1) effort to locate food source (Davis and Stanley, 2002, 

Gleiss et al., 2013); 2) avoidance of visually advanced predators (Itoh et al., 2003); and 3) 

switching of two behavior modes (Newlands et al., 2004). In our study site, whale sharks 

initiated surface feeding without the vertical movement peak prior to dusk described in 

Ningaloo Reef (Gleiss et al., 2013), and achieved the activity level peak approximately at 

the time of sunset (Figure 4.1). Although it has been suggested that patterns of vertical 

habitat selection does not necessarily reflect patterns in activity and foraging behavior 

of whale sharks (Gleiss et al., 2013), this aggregation provided a positive case of vertical 

habitat selection reflecting activity level.  

 

The decrease in activity level between midnight and sunrise has not been observed in 

other whale shark aggregations (Figure 4.2). This shift is consistent with the decrease in 

absolute vertical velocity (Figure 3.7) and the shallower depth use (Figure 3.6) over 

midnight, described in Chapter 3. These results collectively suggested that whale sharks 

in this aggregation site engaged in foraging vertically through the water column during 

the first half of the night to some extent, and this behavior eased or stopped after 

midnight. 

 

Whale sharks along with many marine mammals and birds have been proved to use 

their negative buoyancy to glide during their descent phase of dives as a tactic of energy 

conservation (Davis et al., 2001, Gleiss et al., 2011a, Gleiss et al., 2011b, Williams et al., 

2000). However in our study, mean energy consumption of descents was lower than 
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that of ascents only in dives shallower than ~30 m, while in deeper dives, mean energy 

consumption is higher in descents than in ascents (Figure 4.5 and Figure 4.6). This could 

be interpreted as a contribution of inconsistent vertical movements of their prey. 

Recognized as a nursery for juvenile whale sharks (Cochran, 2014), the central-south 

Red Sea should provide reasonably rich food source for sharks at this life stage, besides 

shelter from large predators. This aggregation, judging from the unusually dense 

patches of Lucifer shrimps during the season that whale sharks targeted, should be 

considered as a feeding aggregation. When prey concentration is high enough for whale 

sharks to initiate ram-filtering feeding technique, the hydrodynamic drag from the 

opened mouth enormously increases energy consumption (Goldbogen et al., 2007, 

W.Sims, 1999). Hence when prey patch moves deeper and the whale shark follows, the 

aforementioned descents with high energy consumption could happen due to the ram-

filtering feeding. Further, the randomness of prey movement created by factors such as 

current and other feeding fishes could lead to a pattern that is different from other 

described dive patterns. This hypothesis also explains the general higher energy 

consumption in shallower dives (Figure 4.4), as prey patches are more likely to oscillate 

closer to the sea surface. The overall result of such pattern should still benefit 

aggregating whale sharks in this site from the energy expenditure perspective. 

 

Energy consumption strategy poses great importance to the survival and wellness of 

animals. While general rules and patterns apply to the majority of species in various 

habitats, specific details also need to be thoroughly addressed along with local natural 
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and social conditions, this aggregation being an example. The use of biologging tags 

provided access to extremely detailed measurements of various indices, leading to the 

understanding of energy expenditure strategies. We characterized the energy use of 

whale sharks in this feeding aggregation, identified key stages of diel activities, and 

analyzed diving strategy on a locomotive perspective. Biologging tagging has been 

proved to be highly useful in behavioral studies and such method should continue to be 

utilized with various biotelemetry technologies for broader and deeper knowledge of 

many animals’ life histories. 
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4.6 Tables and Figures 

Table 4.1 

Sharks Deployment 
Period (h) 

Sampling 
Rate (Hz) 

Data 
Point Counts 

Max 
VeDBA (g) 

Min 
VeDBA (g) 

Mean 
VeDBA±SD (g) 

WS402 22 10 9.6225x105 1.9189 0.0003 0.0779±0.070
4 

WS503 22.5 10 9.5733x105 2.2211 0.0004 0.1063±0.092
9 

WS35 5 50 1.0214x106 1.4067 0.0002 0.0830±0.075
0 

WS107 4.5 50 5.9144x105 2.2570 0.0013 0.1276±0.078
6 

Total 54 - 3.5321x106 2.2570 0.0002 0.0931±0.076
8 

 

IDs, deployment periods, sampling rates, data point counts, and 

maximum/minimum/mean VeDBA of tagged whale sharks. 
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Figure 4.1 

 

VeDBA of tagged whale sharks throughout their deployment periods with fitted 

regression lines. Note differences in axes. 
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Figure 4.2 

 

VeDBA of tagged whale sharks grouped in stages of a diel cycle. Letters on top of each 

box indicate statistical significance of differences. White dots and horizontal lines are 

medians and means, respectively. 
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Figure 4.3 

 

Acceleration levels on three axes during morning and dusk. White dots and horizontal 

lines are medians and means, respectively.  
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Figure 4.4 

 

Mean VeDBA of all single dives plotted against depth of the dive. Fitted regression line is 

shown with 95% confident interval. 
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Figure 4.5 

 

 

Mean VeDBA of descent and ascent phases of all single dives plotted against depth of 

the dive. 
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Figure 4.6 

 

Mean VeDBA for descent, ascent, and bottom (if present) phases of all dives shallower 

or deeper than 30 m. Bean-shaped outlines are densities of each group. Horizontal bars 

are Bayesian 95% Highest Density Intervals for each mean. Each dot represents one 

single dive. 

  



 129 

 

Figure 4.7 

 

Cuts on whale sharks aggregating at Shib Habil. (A) Chunk of skin deeply cut off. (B) Cuts 

on upper side of the whale shark’s head. 
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CHAPTER 5 

OVERALL CONCLUSIONS 

 

This dissertation is focused on movements and behaviors of whale sharks on a 
fine scale during their aggregation, which is previously underdescribed. Using 
multiple types of electronic tagging, I studied the horizontal and vertical 
movement of whale sharks within the seasonal aggregation site, providing 
detailed description and insights for such behaviors. This study also casts light 
on future behavioral studies of marine mega fauna like whale sharks in terms 
of available methods and analysis. This comprehensive dataset and its 
analysis call for prompt conservation awareness and regulations from both 
administration and citizens. 

5.1 Consistent Longshore Path 

Acoustic telemetry data over four years suggested a strong and consistent longshore 

path when whale sharks were within the array detection range. Over half of all tagged 

whale sharks exhibited this type of movements at least twice.  The vast majority of 

these longshore trips occurred between Shib Habil and Qita Al Qursh, suggesting prey 

abundance in this area. These features could be a common pattern of coastal 

aggregations of juvenile whale sharks (Cagua et al., 2015, de la Parra et al., 2013, 

Heyman et al., 2001, Rowat et al., 2007) and provide potential study aspects in these 

aggregations. In this study, sporadic larger-scale longshore trips were mostly during 

non-aggregation seasons, indicating increased foraging efforts when food source was 

scarce. Such shift in movement behaviors suggests studies linking different stages of 

whale shark life history where activity modes could shift with temporal and spatial 

variations. Although several studies exist that portray pelagic movements (Berumen et 

al., 2014, Hueter et al., 2013, Rowat and Gore, 2007, Wilson et al., 2006), due to the 
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limits of the tagging technologies used, resolutions in these studies were insufficient for 

investigation into fine-scale whale shark behaviors in coastal habitats. With the rapid 

and ongoing development of tagging methods for marine species, strategic multi-

tagging with conventional and new tags and sensors should provide a much broader and 

deeper insights of whale shark movement and behaviors. Such technologies include 

satellite tags (Braun et al., 2015, Eckert and Stewart, 2001, Hammerschlag et al., 2011, 

Kumari and Raman, 2010), acoustic telemetry (Braun et al., 2015, Cagua et al., 2015, 

Cochran, 2014, Heupel and Hueter, 2001, Vianna et al., 2014), archival tags (Hueter et 

al., 2008, Itoh et al., 2003, Shepard et al., 2006, Tyminski et al., 2008), accelerometers 

(Gleiss et al., 2010, Gleiss et al., 2011, Shepard and Halsey, 2008, Shepard et al., 2008), 

crittercams (Chapple et al., 2015, Heithaus et al., 2001, Marshall, 1998), and animal-

borne sonars (Lawson et al., 2015), etc.  

 

Diel pattern of the coastal trips in this study were also significant, with a strong trend to 

move from Shib Habil to Qita Al Qursh in the morning and reversed moves primarily 

after dark. These results collectively indicate potential feeding strategy for shifting food 

sources, calling for a systematic plankton survey in this area. In order to establish 

predictive models of whale shark occurrence and movement, future studies should 

maintain a critical focus on behavioral drivers, especially food. 
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5.2 Vertical Movements Tuned to Foraging 

Time-depth data acquired from biologging tags revealed a highly dynamic yet surface 

focused depth use of whale sharks in this aggregation, similar to a few studies 

concerning depth use (Gleiss et al., 2013, Graham et al., 2006, Hacohen-Domene et al., 

2006, Nelson and Eckert, 2007, Rohner et al., 2015, Tyminski et al., 2015), which could 

indicate a general pattern of juvenile whale shark aggregations. Vertical habitat 

selection showed an atypical reverse diel vertical migration, with surface swimming in 

the morning and briefly near dusk, and averagely shallower nocturnal use of the water 

column than during the day. This pattern along with our preliminary plankton sampling 

result suggested the vertical movement was a prey-associated behavior. Suggested as a 

nursery site (Cochran, 2014, Cochran et al., 2016), prey-associated behaviors are a key 

aspect of animals at this life stage and need close attention. Absolute vertical velocities 

in dives appeared to be lower in descent phase and higher in ascent phase, more so in 

deeper dives, the understanding of that was addressed in the energy expenditure 

chapter. 

 

5.3 Characterization of Energy Expenditure 

Acceleration data were interpreted to generate proxies of energy consumption during 

multiple diel stages and varied behaviors. Such approaches were proven effective in 

determine activities of free ranging animals (Bidder et al., 2012, Brown et al., 2013, 

Fossette et al., 2012, Gleiss et al., 2010, Miwa et al., 2015, Qasem et al., 2012) and can 

be further utilized as a reliable tool in management and conservation. Behaviors 
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including gliding and ram-feeding in our study aggregation showed variations compared 

to those in the Ningaloo aggregation (Gleiss et al., 2013, Meekan et al., 2015), possibly 

indicating different foraging strategies triggered by certain regional prey movements. 

We were also able to identify key stages of life activities and potential corresponding 

drivers. Energy expenditure strategies were also discussed regarding diving behavior, 

suggesting a prey related pattern of activity levels. 

 

Shib Habil, as the only recognized aggregation site in the Red Sea, poses great 

significance to the conservation and development of whale sharks populations in this 

region. Through our research efforts, the behavioral details of aggregating whale sharks 

are emerging clearer. Future whale shark research in the Red Sea should address the 

unique physical and biological factors in varied geological scales that define the overall 

temporal and spatial distribution of whale sharks, as well as understanding the key role 

of this region in the life history of whale shark populations. 
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