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Abstract 
 
The commentary presented herein highlights the original research and peer-reviewed publications 

submitted for the award of PhD by Publication. The work focuses on the world’s largest fish, the 

whale shark Rhincodon typus, mainly in the Philippines where the work was carried out, but also its 

significance on a regional and global scale. The species was recently upgraded to Endangered given 

population declines of >50%, particularly in the Indo-West Pacific where targeted fisheries operated 

freely until recently – including the Philippines – and where illegal take likely still occurs. The onset 

of the work is centred at the start of an unregulated tourism site in central Philippines, in Oslob, where 

whale sharks are fed daily, year-round – a globally unique setup at the time. Given the highly mobile 

nature of the whale shark, the work therein led to understanding linkages in the general area, the 

Bohol Sea, west to the Sulu Sea and north to the first whale shark tourism site in Asia, at Donsol in 

southern Luzon. This commentary highlights the population demographics of whale sharks in the 

Philippines across four major aggregations, with documented movements across the country and 

beyond with connectivity to Taiwan, Indonesia and Malaysia as confirmed through photographic-

identification and satellite telemetry. Finally, this research highlights various aspects of where 

management intervention is necessary, and where future work can help fill in key knowledge gaps in 

the biology and ecology of the species – essential for the development of robust conservation 

strategies for the recovery of the species. The overall scientific contribution of my work is significant, 

having led and co-authored 23 published papers on whale sharks to date and presented them at various 

international conferences over the past 8 years, particularly for data-poor regions, with an Endangered 

species of international interest. 
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Chapter 1 – Introduction 
 
Background context 
The whale shark Rhincodon typus Smith 1828 is the world’s largest fish, inhabiting tropical and 

warm-temperate waters globally (Rowat & Brooks, 2012). They can grow to ~18 m in total length 

(TL), and estimated to live for over a century (Perry et al. 2018; Meekan et al. 2020). The species’ 

circumtropical distribution has highlighted two distinct population segments through the use of 

mitochondrial and microsatellite DNA methods: an Indo-Pacific and an Atlantic Ocean subpopulation 

(Schmidt et al. 2009; Vignaud et al. 2014; Yagishita et al. 2020). They are capable of travelling 

>1,000s of kilometres (e.g. Hueter et al. 2013), yet they are also known to have strong site fidelity to 

coastal areas where they might be year-round residents (e.g. Mafia Island, Tanzania, Rohner et al. 

2020). Despite dedicated research on the whale shark at over 20 sites globally (Norman et al. 2017), 

key knowledge gaps remain including the location of their mating and pupping grounds, the 

whereabouts of adults and neonates of both sexes, and juvenile females, and other key life-history 

traits such as age-at-maturity, age-at-pregnancy and gestation period amongst others. Some evidence 

exists though, for example, large adult females are encountered off the farther Galapagos Islands, 

Ecuador (Hearn et al. 2016) and off the islands of Baja California, Mexico (Ramírez-Macías et al. 

2012). Similarly, evidence of neonatal occurrence in the Ticao-Burias Pass in the Philippines has 

been documented (Aca & Schmidt, 2011; Miranda et al. 2020). Most aggregations globally have a 

>70% male bias (Rowat & Brooks, 2012; Norman et al. 2017) with the exception of the Galapagos 

(>98% female, Acuña-Marrero et al. 2014), Saudi Arabia’s Red Sea where a 1:1 female to male 

juvenile aggregation was described by Cochran et al. (2016), and St. Helena Island in the South 

Atlantic where predominantly adults of both sexes (1:1 ratio) aggregate seasonally (Perry et al. 2020). 

 

The whale shark was upgraded to Endangered in the IUCN Red List of Threatened Species in 2016 

due to continued population declines of >50% in the last three generations (75 years), particularly in 

the Indo-Pacific region (Pierce & Norman, 2016). This decline has been widely attributed to targeted 

fisheries that operated in the region, and some of which might still continue to operate. Additionally, 

a recent outlook using the ‘IUCN Green Status of Species’ (Akçakaya et al. 2018; IUCN 2020) has 

also shed light on the status of whale sharks (Pierce et al. 2021). This method strives to understand 

the recovery potential of a species and measure its conservation success, if any, focusing on three 

aspects of recovery: representation, viability, and functionality (see Akçakaya et al. 2018). Although 

‘recovery’ is indeed a contentious term (see Akçakaya et al. 2018), this new tool is designed to 

complement the IUCN Red List, and provide a Green Status score (0-100%) where 0% would mean 

a species is extinct in the wild, and 100% would represent a species fully recovered (IUCN, 2020). 

Current estimates, with limited long-term data, suggest the contemporary green score for the whale 
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shark is 42% (range 29-55%; Pierce et al., 2021). Thus whale sharks have considerable recovery 

potential as a species; however, this potential can only be realised if remaining knowledge gaps are 

successfully addressed. In particular, understanding their threats, population status and ecology in 

areas of importance is paramount. 

 

Threats 
 
Targeted Fisheries 
Historically, targeted fisheries have represented a considerable threat to whale shark populations 

worldwide. Li et al. (2012) highlighted that an excess of 1,000 whale sharks were caught annually in 

the Chinese provinces of Hainan, Fujian and Shandong (Fig. 1). Similarly, an independent report by 

the non-government organisation WildLifeRisk revealed that at a single processing factory in Puqi, 

Zhejiang province, was processing an estimated 80 tonnes of whale shark oil per year (WildLifeRisk, 

2014). Based on available size and mass data from fisheries in Taiwan (Hsu et al. 2012) and India 

(Vivekanandan & Zala, 1994; Pravin, 2000) this would equate to 800 – 1,230 tonnes of whale shark 

(net), or ~660 – 1,016 five-metre whale sharks yearly. In Saurashtra, Gujarat, India, an estimated 

1,000 whale sharks were fished in 1998 alone (Pravin, 2000). In central Philippines, ~100 whale 

sharks were landed seasonally between 1993 and 1997 (Fig. 1; Table 1; Alava et al. 1997). These 

numbers are significant, representing a large proportion of the globally known populations (e.g. 

~1,100 at Ningaloo Reef in Australia, Norman et al. 2017). Thus, these levels of take require urgent 

intervention to assess their sustainability and population-level impacts.  

 

Such intervention has been successfully implemented in some countries. Taiwan protected the whale 

shark in 2007 (Hsu et al. 2012) following a comprehensive review of the fisheries. Similarly, India 

protected the species in 2001 after concerns arose regarding the sustainability of the fisheries 

(Akhilesh et al. 2013). Countries like the Maldives that operated small-scale artisanal fisheries also 

protected the whale shark in the 1990s (Riley et al. 2010). In the Philippines, a decline in the catch-

per-unit-effort (CPUE) in the 1990s, led to the federal protection of the species in 1998 (Alava et al. 

1997). Few cases (<10) have been reported since (e.g. Torres et al. 2000), as the targeted take operated 

from specific villages and hence implementation was  easier (GA, unpub. data). However, there is no 

reliable information on the current status of whale shark landings in China. If historic trends are 

continuing, then whale shark landings in China currently represent the single largest threat to the 

species in the Indo-Pacific. 

 

It is also worth noting that fisheries legislation in the countries listed above refers to targeted catch, 

yet incidental catch also represents a continuing threat to whale sharks.  Bycatch in gillnets, purse 
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seiners and coastal nets (including fish corrals) still occurs across their range. Clarke (2015) 

highlighted that the safe release of the sharks from nets should be prioritised, especially when up to 

half of captured whale sharks in purse seiners might be resulting in mortality. Consequently, 

intentional purse-seine net setting around whale sharks has been banned in the Indian and Pacific 

Oceans, and the release of whale sharks following best-practices implemented with European-flagged 

vessels in the Atlantic generally following these protocols (Capietto et al. 2014; Fowler 2016; Escalle 

et al. 2016; 2018). An expert survey in the Central West Pacific estimated ~10% post-release 

mortality for whale sharks, although uncertainty concerning this figure was large (Neubauer et al. 

2018). Further work is needed to understand true mortality of whale sharks in fisheries, as is a close 

collaboration with regional RFMOs to implement any recommendations for improvement. 

 

 
Figure 1. Map of regional known whale shark fisheries neighbouring the Philippines. The green triangles represent the 

main landing sites for whale sharks from Alava et al. (1997); the red crosses are actual capture locations of whale 

sharks operating from Taiwan, from Hsu et al. (2012); and the yellow circles are the major whale shark processing sites 

in China from Li et al. (2012). 
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Vessel collisions 
Although targeted and incidental take is the biggest threat to the species, other threats can impact 

whale shark population recovery. The global density of ships has increased by a factor of 4 between 

1992 and 2012 (Tournadre, 2014), and has become a serious concern for the management and 

conservation of marine megafauna that spend a significant amount of time at the surface (i.e. marine 

mammals, turtles and elasmobranchs; Halpern et al. 2015). This is frequently documented with turtles 

and marine mammals, whereby serious injuries from vessel collisions that lead to mortality can be 

documented as their carcasses float and can therefore be thoroughly examined. For example, in the 

United Arab Emirates, mortality from four threatened species of turtles result from vessel collisions 

in 8-50% of instances (Yaghmour, 2020). Similarly for North Atlantic right whales Eubalaena 

glacialis, >50% of mortalities in recent decades have resulted from vessel collisions – a worrying 

number given their Endangered status (Meyer-Gutbrod & Greene, 2018). These taxa need to spend 

considerable time at the surface to breathe, unlike elasmobranchs, however some species of 

elasmobranchs also utilise shallow waters frequently. 

 

Whale sharks spend a considerable amount of time at the surface (30-65% <6 m, Tyminski et al. 

2015; Ramírez-Macías et al. 2017) to forage and thermoregulate (Thums et al. 2013; Rohner et al. 

2018; Araujo et al. 2020c). Unlike turtles and marine mammals, whale shark bodies are negatively 

buoyant and sink to the bottom if they are killed or heavily incapacitated (i.e. unable to swim). It is 

therefore likely that the full extent of our understanding of whale sharks’ susceptibility and mortality 

to vessel strikes is underestimated (Speed et al. 2008; Lester et al. 2020). Boat collisions with whale 

sharks have been documented for over a century (Gudger, 1940), however the global impact on the 

species is difficult to quantify given the abovementioned physical constraint, but also logistically, 

given the highly mobile nature of the species and their broad distribution (Rowat & Brooks, 2012). 

Seasonal aggregations at various sites across the species range can provide insight into the likelihood 

of vessel strikes, changes through time, and any effects these might have to whale shark survivability 

and long-term site fidelity (Speed et al. 2008; Chapter 2; Lester et al. 2020; Penketh et al. 2020; 

Harvey-Carroll et al. 2021). Whale sharks can move >10,000 km yearly (e.g. Norman et al. 2016) 

and therefore accurately pinpointing the location of a vessel collision, unless immediately or soon 

after documented, is difficult. However, areas deemed of importance for the species (e.g. pupping or 

foraging area), and where sharks are observed at the surface in significant numbers and over 

prolonged periods of time, could be prioritised as management areas. For example, introduction of 

permanent or seasonal vessel-free zones or speed-limits could be implemented to minimise collisions 

(e.g. Ningaloo Reef, Australia, Catlin & Jones, 2010). 
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Unsustainable tourism 
Shark tourism is the fastest -growing wildlife tourism sector globally, bringing in >U$300M annually 

(Cisneros-Montemayor et al. 2013), although this number is likely outdated. Whale shark tourism is 

second only to reef-shark dedicated tourism, with a recent global review putting global income from 

whale shark tourism at ~U$250M (Ziegler & Dearden, 2021). Although tourism can bring significant 

economic and social development to the communities involved (Rowat & Engelhardt, 2007; Ziegler 

et al. 2020), it can also present a threat to the local environment and the target species if not properly 

regulated and enforced. When designing ecotourism endeavours with an endangered species, it is 

imperative that the welfare of the host species, the local community, the immediate environment, as 

well as tourist satisfaction are all considered to ensure the long-term sustainability of the industry 

(Catlin & Jones, 2010; Ziegler et al. 2018; Ziegler et al. 2019a). 

 

Tourism with whale sharks has been highlighted to cause behavioural changes, albeit short-term, that 

could have long-term implications (e.g. Quiros, 2007; Haskell et al. 2015). For example, whale sharks 

at Gladden Spit in Belize aggregate seasonally to feed on fish spawn – an activity that can be 

interrupted by the presence of boats and divers at the site (Graham & Roberts, 2007). Disruption to 

such temporary foraging opportunities can have fitness-level or long-term implications for individual 

whale sharks (Graham & Roberts, 2007). Similarly, boats and swimmers in Southern Leyte, 

Philippines, and in Inhambane, Mozambique cause short-term behavioural changes to the sharks 

including avoidance behaviour that could affect the long-term sustainability of the community-run 

operation (Pierce et al. 2010; Araujo et al. 2017a). Other calls for concern involve the fast 

development of provisioning sites for whale sharks in Southeast Asia. Provisioning of whale sharks 

in the Philippines has been linked to increased residency and changed seasonality (Araujo et al. 2014; 

Thomson et al. 2017 respectively), behavioural modification (Schleimer et al. 2015; Legaspi et al. 

2020), shifts in diving patterns and increased expected metabolic rate (Araujo et al. 2020c), and 

increased injury (Penketh et al.2020). Changes to the ecology, and potentially the physiology, of the 

host species should be taken into consideration when delineating management plans for tourism 

endeavours, such as reducing possible contact between sharks and tourists or boats (e.g. Penketh et 

al. 2020), or limiting the number of hours the tourism can operate (e.g. Araujo et al. 2020c). This is 

particularly important as new tourism sites develop in the Philippines, Indonesia and Malaysia. 

 
Climate Change 
A broader-scale threat to whale sharks is climate change. Sequeira et al. (2013) modelled habitat 

suitability for the species using predicted sea surface temperature (SST) resulting in a slight shift in 

the Atlantic and Indian Oceans, including an overall range contraction of 2.5-7.4% and 1.1-6.3% 

respectively. Contrastingly, estimated changes in the Pacific were small (<0.1; Sequeira et al. 2013). 
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Changes on such a scale would result on the redistribution of the species over time, particularly in 

the Indian and Atlantic Oceans.  

 

Climate-driven oxygen minimum zones (OMZs) will cause habitat contraction of pelagic fishes and 

increase their exposure to fisheries (e.g. blue shark Prionace glauca, Vedor et al. 2021). It is likely 

that OMZs are or will also affect the whale shark’s distribution, albeit this hypothesis has not been 

tested. Whale sharks target patchily distributed prey that aggregate in high densities (e.g. Rohner et 

al. 2015a) and their distribution tends to coincide with areas of high productivity (Rowat & Brooks, 

2012) dictated by static (e.g. slope) and mobile (e.g. upwellings) oceanic features (Simmonds & Isaac, 

2007). Changes to these can lead to declines in primary productivity, and thus higher trophic species 

that depend on them (Simmonds & Isaac, 2007). For example, research has shown that variation in 

the food availability of the Southern Right whale Eubalaena australis affects their breeding success 

(Seyboth et al. 2016). For a tropical and warm-temperate species like the whale shark, it is yet unclear 

how climate change might impact their growth, survival, reproduction and range, but for other species 

whose success is linked to primary productivity (e.g. baleen whales), the prospects are negative (see 

Tulloch et al. 2019). However, the whale shark’s broad distribution and thermal tolerance, together 

with their dietary plasticity, might buffer any direct mortality linked to climate change (Rowat et al. 

2021). 

 

Other threats 
Other threats to whale sharks include organic, chemical and plastic pollution. Little work has focused 

to date on these threats, though recently, elevated levels of arsenic (As), copper (Cu), zinc (Zn) and 

selenium (Se) were reported in tissue samples from Djibouti (Boldrocchi et al. 2020). Similarly, the 

authors reported that chromium (Cr), nickel (Ni) and molybdenum (Mo) might biomagnify in whale 

sharks. Elevated levels of dichlorodiphenyltrichloroethane (DDT) and polychlorinated biphenyls 

(PCBs) were also reported in Djibouti, suggesting accumulation of some of these pollutants 

(Boldrocchi et al. 2020). It remains unclear what these elevated values mean, and how they might 

impact whale shark physiology. In Indonesia, Germanov et al. (2019) reported elevated plastic 

pollution (small pieces <5 mm, films and fragments) in whale shark and reef manta ray Mobula 

alfredi feeding grounds, which could result in exposure to toxic plastic additives and adhered 

persistent organic pollutants. Ongoing work in the Philippines has shown exposure of whale sharks 

in coastal habitats to microplastics (<5 mm), including direct ingestion as determined through faecal 

sample analyses (Yong et al. in prep). To date, globally, only four whale shark mortality reports have 

been directly attributed to plastic ingestion in Philippines (Abreo et al. 2019), Thailand (Haetrakul et 

al. 2009), Japan (Matsumoto et al. 2017) and Malaysia (2019, Sen Nathan, pers. comm.), highlighting 
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plastic is a threat to whale sharks – especially in Asia. Although these occurrences remain rare and 

few unlike mortality linked to fisheries, it could be underestimated mortality like is the likely reality 

for large vessel collisions A more recent large-scale pollution event, the Deep Water Horizon oil spill 

of 2010, might have resulted in mortality and displacement of whale sharks from the Gulf of Mexico, 

which is host to the largest aggregation of whale sharks globally (de la Parra Venegas et al. 2011; 

Wildbook for Whale Sharks, April 2020). No whale shark mortality in the region to date has, 

however, been linked to the incident although sub-lethal effects to whale sharks cannot be ruled out. 

 

 

Whale sharks in the Philippines 
Whale sharks are reported year-round, country-wide in the Philippines, yet prior to fisheries 

monitoring work in the 1990s little was known about the species distribution, seasonality or general 

occurrence. In the 1980s and early 1990s demand for whale shark meat from Taiwan led to an increase 

in targeted fisheries operating in the country, though other body parts were also traded including fins, 

skin and gills (Fig. 1; Alava et al. 1997). By the mid 1990s, ~100 individual whale sharks were landed 

seasonally at two monitored sites alone in the Bohol Sea (Fig. 2), with obvious declines in CPUE 

(Table 1; Alava et al. 1997). In 1997 a large aggregation of whale sharks was reported in the waters 

off Donsol, Sorsogon (Fig. 2) which attracted the attention of whale shark fishers and tourists alike 

(Pine et al. 2007). At least six whale sharks were killed in the vicinity of Donsol, attracting social and 

media outcries. This led Hon. Fidel Ramos, the then 12th president of the Republic of the Philippines 

and an avid SCUBA diver, to endorse the federal protection of the species under Fisheries 

Administrative Order 193 (Series of 1998, Bureau of Fisheries and Aquatic Resources, Department 

of Agriculture) prepared by Hon. Salvador H. Escudero III, BFAR Secretary. The national law was 

gazetted on 27th March 1998, though no thorough consultation was completed with the communities 

directly affected. 

 
Table 1. Estimates of CPUE (catch per unit effort) for two whale shark fishery sites in the Bohol Sea, Philippines, 

between 1993 and 1997 (adapted from Alava et al. 1997). 

 1993 1997 

No. of whale sharks caught 180 106 

Effort (no. of boats operational) 28 50 

CPUE 6.4 2.2 

 

The ban on the take and trade of whale sharks coincided with the development of a community-run 

ecotourism operation out of the town of Donsol (Fig. 2). Through a series of consultations with local 
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stakeholders, the tourism flourished, and by 2004 over U$74,000 had been generated through the 

industry. The successful development of the tourism, the direct socio-economic benefits generated 

for the community, and the conservation of the species through protected habitat delineation 

(Municipal Ordinance No. 1 S-98, Donsol, Sorsogon, 1998), led Donsol to become the first 

community-run whale shark tourism attraction in Asia – and was widely hailed as a success story 

(Pine et al. 2007). Work by Quiros (2007) however, highlighted issues with the management of the 

tourism and the threats this non-extractive use of the species can present, particularly in an area later 

discovered to be a pupping ground for the species (Aca & Schmidt, 2011; Miranda et al. 2020.). By 

2007, a community-run operation was also setup in Pintuyan, Southern Leyte. The whale shark soon 

became a nationally iconic species, even being featured on the one-hundred peso currency note in 

2010. WWF-Philippines started systematic photographic identification (photo-ID) data collection in 

2007 following the successful development of the tool through automation and broader applicability 

(Arzoumanian et al. 2005; Meekan et al. 2006). Three satellite tags were deployed in northern 

Mindanao and in Donsol (see Fig. 2) in 1997 showing some possible transboundary movement by 

one of the former, and localised movements within the Ticao-Burias Pass by the latter (Eckert et al. 

2002). These tags did not possess a temperature sensor and therefore impossible to determine whether 

a tag was floating on the surface, and it has been argued that the transboundary track reported by 

Eckert et al. (2002) was not attached to the whale shark given the track’s continuous westerly 

movement. 

 

 

Motivation 
In late 2011, a different type of tourism operation began in Oslob, Cebu (Fig. 2), wherein whale 

sharks were being hand-fed sergestid shrimp daily to facilitate the human-shark interaction. 

Provisioning of whale sharks was indeed novel, and the close-to-shore interactions (<100 m), the 

relatively low cost (~U$10 for locals, U$20 for foreigners), the guaranteed interaction, and the close 

proximity to two major cities (<120 and <70 km to Cebu and Dumaguete cities respectively) led to 

the site’s exponential development, attracting thousands of tourists a day by March 2012. At this 

point in time, little was known about the status of whale sharks in the Philippines, with the exception 

of photo-ID presence data from Donsol which was not available, and fishery data from the 1990s 

(Alava et al. 1997). This is when my research began, and through a local NGO, began data collection 

in Oslob to understand the population dynamics and general ecology of the species.  
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Figure 2. Map of the Philippines with main whale shark hotspots highlighted in red circles. TRNP: Tubbataha Reefs 

Natural Park and World Heritage Site. 

 

My work began in Oslob, as understanding the possible effects of provisioning on the host population 

of whale sharks was a pressing issue of national and international interest (Chapter 2), and no data 

existed at that point in time. The preliminary work there highlighted potential connectivity to another 

whale shark aggregation ca. 220 km east of Oslob, at Panaon Island, Southern Leyte (Fig. 2; Chapter 

3). During this time, the WildLifeRisk report was published (WildLifeRisk, 2014) indicating targeted 

fisheries were still operational in the south of China, and the Philippines, together with Taiwan, where 

the closest sites with ongoing monitoring of the species. This led to the acquisition of satellite tags to 

understand any potential movement between whale sharks in the central Philippines (where my work 

was underway), with the South China Sea where the animals were reportedly being caught (Chapter 

4). These data were important in understanding global trends of the species, and contributed important 

data for the IUCN Red List reassessment published in 2016 (Pierce & Norman, 2016). Having 

contributed significantly to the current knowledge of the species in the region, we approached WWF-

Philippines who had been collecting photo-ID data in Donsol, Sorsogon, since 2007. We thus started 

a complementary monitoring programme in 2015 to understand the aggregation of whale sharks there, 
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and any linkages to the central Philippines through photo-ID (Bohol Sea where Oslob and Panaon 

Island are; Chapter 5). Finally, following preliminary surveys in Honda Bay, Palawan (Fig. 2), in 

west Philippines, and having identified connectivity to the Bohol Sea area, we began work therein to 

shed light on the possible movement of those whale sharks to the South China Sea and elsewhere in 

the Sulu-Sulawesi Marine Ecoregion (Horigue et al. 2012; Chapter 6). The information from Chapters 

2-6 played a significant contribution for the listing of the whale shark into Appendix I of the 

Convention on Migratory Species of the United Nations, and the drafting of the Concerted Action for 

Whale Shark (UNEP/CMS/2017/12.7), by providing evidence of transboundary movement of whale 

sharks in the region (e.g. Taiwan to the Philippines, Philippines to Malaysia; Chapters 3, 4 and 6) and 

highlighting areas of importance and the role of tourism therein (e.g. Chapters 2, 3 and 5).  

 

Overview of Research Approach 
 
It is challenging to study a broad-ranging, deep-diving, long-lived marine species like the whale 

shark, especially when they do not predictably spend time at the surface. It is therefore paramount to 

use dynamic approaches to study them. I used a combination of established methods used on whale 

sharks and other taxa, e.g. capture-mark-recapture, lagged-identification rates, as well as innovative 

and inclusive data collection, e.g. citizen science, to understand the ecology of the whale shark in the 

Philippines. I also complemented these with the use of satellite telemetry to shed light on their 

horizontal and vertical habitat use patterns, and establish linkages between known areas of importance 

for the species. The methods employed in Chapters 2-6 are discussed below. 

 

Photo-ID 
Given the past and current threats to the Endangered whale shark, it is imperative to monitor and 

understand their population status. Methods for monitoring population trends have been employed 

across their aggregating sites globally, from genetics and telemetry, to photographic identification 

(henceforth photo-ID) and environmental DNA. The method of choice across all global sites, given 

its cost-effectiveness and broad applicability given its ease of use, is photo-ID. Photo-ID relies on the 

stable patterns or marks on individual animals so that they can be distinguished from others within a 

population (Pierce et al. 2018). This technique has been used for decades on cetaceans to estimate 

abundance (Hammond, 1990), survivability (Buckland, 1990) and habitat use (Williams et al. 1993). 

Photo-ID is now a standard technique across most cetacean study sites globally. Similarly, the 

application of photo-ID on terrestrial species (e.g. Serengeti cheetahs Acinonyx jubatus, Kelly, 2001) 

has proliferated in recent years, allowing for cross-taxa methods and applications that were 

traditionally restricted. Marine turtles have also benefited from advances in photo-ID applicability, 

notably from capture-mark-recapture (CMR) studies, and have now been employed across multiple 
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species and sites (e.g. hawksbill turtle Eretmochelys imbricata, Chassagneux et al. 2013; green turtle 

Chelonia mydas, Araujo et al. 2016). Photo-ID can thus be used for population biology and 

demographic studies across multiple taxa. 

 

Elasmobranchs are no exception and photo-ID has been a key research technique for over two 

decades. Two comprehensive reviews on the use of photo-ID by Marshall & Pierce (2012) and Pierce 

et al. (2018) highlight the applicability, limitations and potential use of this technique on a variety of 

species. The technique’s usability and broad applicability has been aided by the development of 

automated computer systems that can help with identification, making large datasets more reliable. 

For example, the use of photo-ID for the ragged-tooth shark Carcharhinus taurus benefited from the 

development of the computer software I3S that automates the matching of photographs (Van 

Tienhoven et al. 2007). Similarly, manta rays – both reef and oceanic M. alfredi and M. birostris 

respectively – make use of the online database MantaMatcher (www.mantamatcher.org, Marshall & 

Holmberg, 2018), now broadly used across most study sites. The use of stable natural markings also 

makes data collection itself easier, being able to recruit a broader array of people to do so. Two recent 

studies highlighted its applicability for two rare batoids, the smalleye stingray Megatrygon microps 

(Boggio-Pasqua et al. 2019) and the ornate eagle ray Aetomylaeus vespertilio (Araujo et al. 2020b). 

Detailed work using photo-ID with the zebra shark Stegostoma fasciatum in Australia revealed 

population status and abundance, corroborated by genetic studies (Dudgeon et al. 2013; Dudgeon & 

Ovenden, 2015). 

 

For whale sharks specifically, the use of photo-ID is now a commonly used technique. Early studies 

utilised conventional marker tags, but issues were highlighted quickly, primarily tag retention 

(Colman, 1997; Graham & Roberts, 2007; Rowat et al. 2009). Norman (2004) identified that the spot 

pattern on the left flank of the whale sharks, behind the gill slits and above the pectoral fin, to be 

unique to every individual shark. Meekan et al. (2006) utilised photographs from Ningaloo Reef from 

1992-2004 to create the first CMR models on the species using photo-ID. This was timely matched 

by the development of an automated software based on the star-mapping algorithm from Groth 

(1986), launched as ©ECOCEAN (now known as Wildbook for Whale Sharks; Arzoumanian et al. 

2005). As of May 2021, Wildbook for Whale Sharks hosts >78,000 sighting records from >13,000 

uniquely identified whale sharks. Most research sites contribute photo-ID data to facilitate cross-site 

collaborations and identify connectivity between sites, with Mexico (~2,300), the Philippines 

(~1,900) and Australia (~1,800) having the largest number of individuals identified to date, 

respectively. 
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The widespread use of photo-ID on whale sharks has facilitated data collection on this enigmatic 

species, creating data comparable across sites that is useful for management and conservation. Given 

the recent history (and possibly ongoing) with fisheries, population monitoring is imperative and 

photo-ID is now the method of choice globally (with a few exceptions discussed herein). Population 

demographics studies, including abundance (e.g. Meekan et al. 2006; Holmberg et al. 2009; Ramírez-

Macías et al. 2012), survivability (e.g. Rowat et al. 2009; Lester et al. 2020), scarring patterns (e.g. 

Speed et al. 2008; Penketh et al. 2020), connectivity (e.g. Robinson et al. 2016; McKinney et al. 

2017), behaviour (e.g. Haskell et al. 2015; Schleimer et al. 2015) and feeding preferences (e.g. Rohner 

et al. 2015a; Sanabria-Ramirez et al. 2019), utilise photo-ID. 

 

Citizen science 
Enlisting the general public to collect data can help expand our understanding of ecological processes 

and animal populations. Citizen science, or participatory science, programmes have been used in the 

natural sciences for some time, from monitoring bird (e.g. Sullivan et al. 2014) and cetacean (e.g. 

Embling et al. 2015) populations, to understanding local ecosystems (e.g. Cooper et al. 2007). The 

full potential of citizen science programmes is blooming with the increased accessibility to 

technology, the development of smarter tools (e.g. mobile apps and machine learning), and the current 

increased interest in nature (Ballantyne et al. 2011). Evaluating the usability of data collected by 

citizen science programmes can delineate the overall success of a project, particularly one spanning 

multiple localities and time frames. For example, to understand a relatively uncommon species of 

batoid, the porcupine ray Urogymnus asperrimus, Chin (2014) devised an engaging campaign, the 

‘Porcupine Ray Hunt’, to document and report encounters with this species in Australia with great 

success. A common pitfall with citizen science programmes is the fatigue of participants if the 

involvement or sharing of information and results is not dynamic enough (Rotman et al. 2012). It is 

therefore important to plan a feedback or loop system from the get-go, such as what is currently in 

place for Wildbook for Whale Sharks for example, where users are updated anytime their reported 

whale shark is resighted. 

 

The whale shark’s slow-moving, surface-dwelling, charismatic and docile nature makes it an ideal 

candidate species for citizen science programmes that can facilitate photo-ID data collection. A global 

review of Wildbook for Whale Sharks highlighted the importance of involving the public in collecting 

whale shark data (Norman et al. 2017), and more recently, Araujo et al. (2020a) emphasised the 

crucial role of citizen scientists in unravelling the movement patterns of whale sharks in Southeast 

Asia. Davies et al. (2013) stressed that although limitations and biases exist with citizen science-

derived datasets, it is an important complement to ongoing dedicated research. A potential source of 
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data can also be obtained from historical and online photos and videos posted on social media 

platforms (e.g. ©Facebook, ©YouTube, etc.). Extracting data in such a way has been highlighted as 

a ‘data mining’ exercise as opposed to a citizen science or participatory science approach, whereby a 

briefing and educational component is an essential part of the process (e.g. Follett & Strezov, 2015). 

Regardless of the appropriate terminology, and understanding the assumptions and limitations such 

a data source has, it can provide essential information on distribution (e.g. Araujo et al. 2020b), 

residency (Robinson et al. 2016), connectivity (Araujo et al. 2020a) and threats (Norman et al. 2017). 

Most whale shark sites globally now make use of citizen science photo-ID data, including the Arabian 

Gulf (Robinson et al. 2016), Ningaloo Reef (Norman et al. 2017), the Philippines (Murray et al. in 

review), Malaysia (Araujo et al. 2020a) and Hawaii (Marcoux et al. 2019) amongst others. 

 

Telemetry 
Photo-ID studies, complemented by citizen science data, can provide essential information on 

population dynamics. However, other ecological information such as diving and horizontal 

movements in real-time, require different methodological approaches. Telemetry studies on whale 

sharks have shown the vertical and horizontal movement patterns of individual animals (e.g. 

Brunnschweiler et al. 2009), their diving behaviour and energy requirements (e.g. Thums et al. 2013), 

their habitat use preference (e.g. Araujo et al. 2020c), and their residency (e.g. Cagua et al. 2015). In 

detail, some studies have highlighted the speed of ascent and descent (e.g. Ramírez-Macías et al. 

2017) as well as large sample-size horizontal movements to better understand their distribution (e.g. 

Gulf of Mexico, Hueter et al. 2013; Red Sea, Berumen et al. 2014; Arabian Gulf, Robinson et al. 

2017). Sample size plays an important role in study significance, and as such, collaborative studies 

are encouraged to broaden the scope and scale of individual projects (Sequeira et al. 2019). 

 

Different types of tags can be employed to answer different questions. For instance, Cagua et al. 

(2015) employed passive-acoustic tags (V16, 69 kHz from Vemco) to highlight the year-round 

residency by some individual whale sharks at Mafia Island, Tanzania. Contrastingly, Rohner et al. 

(2018) used towed real-time Smart Position or Temperature Transmitting (SPOT; SPOT5s from 

Wildlife Computers) tags to understand the horizontal displacement of whale sharks from the 

Mozambique coast, thereby highlighting regular movements to and from South Africa. Tyminski et 

al. (2015) used pop-up satellite archival transmitting tags (PSATs; PAT2, PAT4 and Mk10-PAT from 

Wildlife Computers),  to understand horizontal displacement, but more interestingly, the vertical 

habitat selection of whale sharks in the Eastern Gulf of Mexico. Satellite tracking of sharks can also 

be used to understand fisheries-related questions, for example, Queiroz et al. (2019) showed that 

longline fisheries had a 64% overlap with internationally protected and 76% with commercially 
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important shark species. These satellite tags benefit from various post-processing methods to 

maximise the interpretation of location data. For example, to obtain unbiased estimates of tagged 

sharks spatial use, location gaps between consecutive days can be interpolated to one position per day 

(Vedor et al. 2021).  

 

Araujo et al. (2020c) used temperature-depth-recorder (TDR) tags to investigate metabolic rate and 

diving behaviour of highly resident individuals at a provisioning site in the Philippines. Gleiss et al. 

(2013) employed data loggers with an accelerometer to understand diel patterns and vertical habitat 

preference of individual whale sharks. Both TDR and accelerometer tags need to be physically 

recovered in order to retrieve any data. The technology has become more accessible and future studies 

will combine multiple telemetry sensors, including video, to get a better understanding of whale shark 

behaviour, migration, energetics and habitat selection, all of which can help manage the species. 
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Chapter 2 – Population structure and residency patterns of whale sharks, 
Rhincodon typus, at a provisioning site in Cebu, Philippines 
 
Araujo, G., Lucey, A., Labaja, J., So, C. L., Snow, S., & Ponzo, A. (2014). Population structure and 

residency patterns of whale sharks, Rhincodon typus, at a provisioning site in Cebu, Philippines. 

PeerJ, 2, e543. 

 

Contribution by Gonzalo Araujo: study design, data collection, analyses, manuscript writing and 

editing, corresponding author. 

 

 



Submitted 3 April 2014
Accepted 6 August 2014
Published 16 September 2014

Corresponding author

Gonzalo Araujo,
g.araujo@lamave.org

Academic editor

David Johnston

Additional Information and

Declarations can be found on

page 15

DOI 10.7717/peerj.543

Copyright

2014 Araujo et al.

Distributed under

Creative Commons CC-BY 4.0

OPEN ACCESS

Population structure and residency
patterns of whale sharks, Rhincodon
typus, at a provisioning site in Cebu,
Philippines
Gonzalo Araujo1,2, Anna Lucey1, Jessica Labaja1, Catherine Lee So1,
Sally Snow1 and Alessandro Ponzo1,2

1 Large Marine Vertebrates Research Institute Philippines, Jagna, Bohol, Philippines
2 Physalus NGO, Large Marine Vertebrates Project Philippines, Largo Callifonte, Rome, Italy

ABSTRACT
This study represents the first description of whale sharks, Rhincodon typus, occur-
ring at a provisioning site in Oslob, Cebu, Philippines. Frequent observations of
sharks are often diYcult, even at tourism sites, giving rise to provisioning activities
to attract them. The present study provides repeated longitudinal data at a site where
daily provisioning activities took place, and whale sharks were present every day. A
total of 158 individual whale sharks were photographically identified between Mar
2012 and Dec 2013, with 129 males (82%), 19 females (12%) and 10 (6%) of undeter-
mined sex. Mean estimated total length was 5.5 m (±1.3 m S.D.). Twenty individuals
were measured with laser photogrammetry to validate researchers’ estimated sizes,
yielding a good correlation (r2 = 0.83). Fifty-four (34%) individuals were observed
being hand-fed by local fishermen (provisioned), through in-water behavioural
observations. Maximum likelihood methods were used to model mean residency
time of 44.9 days (±20.6 days S.E.) for provisioned R. typus contrasting with 22.4
days (±8.9 days S.E.) for non-provisioned individuals. Propeller scars were observed
in 47% of the animals. A mean of 12.7 (±4.3 S.D.) R. typus were present in the survey
area daily, with a maximum of 26 individuals (Aug 10 2013) and a minimum of 2
(Dec 6 2012). Twelve (8%) individuals were seen on at least 50% of survey days (n =
621), with a maximum residency of 572 days for one individual (P-396). Twenty four
individuals were photographically identified across regional hotsposts, highlighting
the species’ migratory nature and distribution. Extended residency and diVerences in
lagged identification rates suggest behavioural modification on provisioned individ-
uals, underlying the necessity for proper management of this tourism activity.

Subjects Animal Behavior, Marine Biology, Zoology
Keywords Residency, Lagged identification rate, Whale shark, Population, Oslob, Provisioning,
Philippines

INTRODUCTION
Provisioning food is a means of attracting wildlife to facilitate human interaction, and
though it is a widespread practice, its long-term ecological implications need further inves-
tigation (Orams, 2002; Dobson, 2006). Reliable shark encounters are diYcult, promoting
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the use of provisioning activities to attract them (Gallagher & Hammerschlag, 2011; Ham-
merschlag et al., 2012) These are controversial as sharks are apex predators, and some provi-
sioned species are potentially dangerous to humans and may impact their ecological func-
tion (Brunnschweiler & McKenzie, 2010). In the Red Sea, tagged silky sharks, Carcharhinus
falciformis, had modified local habitat use and increased presence on days when baiting
occurred (Clarke, Lea & Ormond, 2011). Similarly, studies on sicklefin lemon sharks,
Negaprion acutidens, in French Polynesia, showed an increase in residency and abundance
over time, as well as modified intraspecific behaviour resulting from an increase in dom-
inance actions and aggression to acquire food (Clua et al., 2010). Though increased resi-
dency can have a negative eVect on gene flow, and lead to reproductive isolation over time,
there is a lack of baseline data at study sites for comparison (Clua et al., 2010). Whitetip
reef sharks, Triaenodon obesus, in Australia, showed diVerent daily activity, as measured by
vertical movement with temperature-depth-recorder tags, when provisioning took place in
the area (Fitzpatrick et al., 2011). In contrast, separate studies on tiger sharks, Galeocerdo
cuvier, and Caribbean reef sharks, Carcharhinus perezi, at provisioning sites exhibited no
activity space restriction and no significant diVerence in residency compared with non-
provisioned populations, respectively (Maljković & Côté, 2011; Hammerschlag et al., 2012).
The economic importance of tourism led by provisioning interactions with elasmobranchs
is substantial (Clua et al., 2011; Rowat & Engelhardt, 2007; Topelko & Dearden, 2005;
Gallagher & Hammerschlag, 2011). However, to fully grasp the ecological impact of such
activities, longitudinal long-term monitoring research is necessary on its adjacent commu-
nities and environments, as suggested by Brunnschweiler, Abrantes & Barnett (2014).

The whale shark, Rhincodon typus, is known to inhabit tropical and subtropical waters,
and aggregate predictably in several hotspots around the world, which has been primarily
linked to high productivity areas (Colman, 1997b; Eckert et al., 2002; Graham & Roberts,
2007; Martin, 2007; Nelson & Eckert, 2007; Rowat et al., 2007; de la Parra Venegas et al.,
2011; Rowat & Brooks, 2012; Fox et al., 2013). Their diet consists primarily of surface
zooplankton, though recent evidence suggests whale sharks are also feeding on demersal
macroplankton and deep-water fishes (Rohner et al., 2013).

The predictability of their occurrence at these hotspots has led to the development
of large tourism industries around these aggregations (Davis et al., 1997; Graham, 2007;
Catlin & Jones, 2010; Gallagher & Hammerschlag, 2011). Though many are advertised as
ecotours, the widespread use of the term has led to a loss of definition (Honey, 2008).
Poor and unregulated whale shark tourism can lead to short and potentially long-term
impacts, like behavioural change and displacement from critical habitats (Norman, 2002;
Quiros, 2007; Remolina-Suárez et al., 2007). Most whale shark aggregations are located in
developing or newly industrialised countries, making the management of this resource a
greater challenge (Rowat & Brooks, 2012).

The use of photographic identification (Photo-ID) in elasmobranchs is a reliable,
minimally invasive means of obtaining population information, when its assumptions
are met (Marshall & Pierce, 2012). By utilising the unique spot pattern present on the
body of R. typus, individuals can be identified, and thus their residency and movements
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can be studied (Arzoumanian, Holmberg & Norman, 2005; Brooks et al., 2010). The citizen
science contributing to ‘Wildbook for Whale Sharks’ (www.whaleshark.org) can help
match individual R. typus between areas by allowing members of the public to submit
photographs of the animals and encounter details. Opportunistic Photo-ID of individual
R. typus can work as photographic mark-recapture data against modified maximum
likelihood models to understand their residency and movement patterns (Whitehead,
2001; Wimmer & Whitehead, 2005; Fox et al., 2013).

Whale sharks inhabit the seas around the Philippine archipelago, with the most famous
aggregation occurring in the waters of Donsol, Sorsogon Province (Eckert et al., 2002;
Quiros, 2005; Pine, Alava & Yaptinchay, 2007; Quiros, 2007). When the aggregation was
first identified in 1997, it attracted tourists and hunters alike, leading to the fishing of
seven R. typus, followed by public outcry and campaigning across the country to protect
the species. This successfully resulted in the passing of a national law protecting the whale
shark from consumptive use and exploitation (FAO 193, Department of Agriculture,
Quezon City, Philippines, March 25th 1998). Supported by WWF-Philippines, the fishing
town of Donsol developed into the first whale shark tourism destination in the country
(Quiros, 2005; Pine, Alava & Yaptinchay, 2007). The only other known aggregation of
R. typus in the Philippines, was identified by O’Farrell et al. (2006) oV Panaon Island,
Southern Leyte. This was further described by Quiros et al. (2007), where a total of 62
encounters with 28 individual whale sharks were recorded over seven days.

In the Municipality of Oslob, located on the south of Cebu Island in the Central
Visayas region of the Philippines, whale shark hunting was never confirmed (Alava et
al., 2002). However, in nearby areas of the Bohol Sea, nearly 700 R. typus were landed
at two monitoring sites, between 1993 and 1997 (Alava et al., 2002). The present study
is the only detailed description of whale sharks presence in the Municipality of Oslob
and examines the population structure and residency patterns of individuals identified at
this provisioning site. Data from daily photographic identification was used to compare
against residency models, using maximum likelihood methods (Whitehead, 2001). These
methods were previously applied on other whale shark aggregations (Ramı́rez-Maćıas et
al., 2012; Ramı́rez-Maćıas, Vázquez-Haikin & Vázquez-Juárez, 2012; Fox et al., 2013) as
they use identification data to establish the spatial and temporal distribution of eVort
(Whitehead, 2001).

MATERIALS & METHODS
All the methods here presented were conducted in accordance with national and local laws
in respect of animal welfare. The Bureau of Fisheries and Aquatic Resources—Region 7,
issued the authors a Gratuitous Permit, and a Memorandum of Agreement was signed with
the Department of Environment and Natural Resources and DA-BFAR7. The Municipality
of Oslob granted the authors a Prior Informed Consent document.

Study site
Small buoys connected by a floating line demark the interaction area in the waters of
Barangay (village) Tan-Awan, inside which only accredited non-motorised vessels are
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Figure 1 Map of the study site and interaction area demarked by buoys (A, B, C) in Barangay Tan-
Awan, Municipality of Oslob, Cebu Province, Philippines.

allowed. Fifty to 100 m oVshore within the interaction area, feeders belonging to the
TOSWFA people’s organisation are allowed by the municipal government to provision
R. typus from one-man paddleboats. Provisioning takes place between 6 am and 1 pm, with
50–150 kg of food utilized for the provisioning daily, depending on the number of sharks
and tourists present. The interaction area is semi circular, measuring 480 m from buoy “A”
(N9 27 48.6 E123 22 48.4) to buoy “B” (N9 27 34.1 E123 22 43.0), and 170 m at its widest
point to buoy “C” (N9 27 42.7 E123 22 52.7), for a total surface area of 65,457 m2 (Fig. 1).
Researchers snorkelled out from shore and surveyed the area for presence of whale sharks.
All recorded encounters with R. typus occurred within the demarked area. Systematic data
collection described in this study took place between March 31st 2012 and December 31st
2013.

Photographic identification
Photo-identification was conducted three times a day, between 7–8 am, 9–10 am and
11–12 pm. These three daily sessions were carried out through the whole study period,
conditions and weather permitting. Photo-ID was used to describe the population as a
non-invasive means to gather size, sex, and presence information of the animals. Over
350,000 photographs were taken and analysed for the present study. Upon sight of an
R. typus in the water, researchers would first approach the left side of the animal, position
themselves perpendicular to the animal and take a photograph of the unique spot pattern
behind the gill slits above the pectoral fin (Arzoumanian, Holmberg & Norman, 2005).
Upon a successful left-side view photograph of the animal, the researcher swam under the
animal in order to identify the presence or absence of claspers. Sex was attributed to an
individual if a cloaca region photograph was collected. The researcher would then capture
the right-hand spot pattern of the animal as with the left one. Additional photographs were
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taken to capture any scars, abrasions, lacerations and any body truncations. Observations
on the feeding behaviour were also noted on individuals. Though the whole population
is possibly provisioned, as attracted to the study site by the presence of food (Orams,
2002), for the purpose of this study R. typus were considered “provisioned” when they
were directly observed being hand-fed from a feeder boat. Caution should be taken as
these direct observations on individuals cannot cover the whole of the animal’s time at the
study site, and it is therefore possible that some non-provisioned individuals did indeed
feed from feeder boats. DiVerences in size, sex, scarring, and presence were investigated
amongst the two groups. The size of whale sharks was estimated by photographing the
animal next to snorkelers or boats of known size. Pearson’s chi-squared test was applied to
evaluate any bias amongst sex-identified R. typus from an assumed 1:1 female to male ratio
(Joung et al., 1996). Wilcoxon–Mann–Whitney (WMW) tests were run amongst results to
test for significance (Fay & Proschan, 2010). Statistical significance was tested at P = 0.05.
Linear regression models were used to test relationship between variables. All statistical
analyses were run on R version 3.0.1 (http://www.R-project.org).

The photographer visually identified each photographed individual. Two experienced
researchers gave further validation to the identity of the individual before being inputted
into a local I3S catalogue (http://www.reijns.com/i3s) (Van Tienhoven et al., 2007). Sex,
estimated size and presence or absence of scars was also noted and inputted into the
database. New, previously unidentified individuals were also uploaded to the online
whale shark database “Wildbook for Whale Sharks” at www.whaleshark.org. The daily
presence of every R. typus was recorded on a spreadsheet. Celestial information, defined by
moon irradiance (www.timeanddate.com; accessed on January 4th 2014), was investigated
through linear regression as a possible variable aVecting variation in daily presence of
R. typus individuals in the study area (Graham, Roberts & Smart, 2006).

Photogrammetry
Size of R. typus was estimated by photographing the animals next to snorkelers and/or
boats of known size parallel to the animals. Additionally, laser photogrammetry was used
to validate researchers’ estimated total lengths. Parallel green lasers (Sea Turtle Scuba Inc.;
http://www.seaturtlescuba.us/) were placed on individual arms at the extremities of a
custom-made frame 30 cm apart, with an underwater camera placed in the centre of the
two. Parallel alignment of the lasers was verified before and after each in-water session by
measuring the distance between the two projected laser dots on a parallel surface placed at
1 and 5 m away. During each dedicated 30-min measuring session, or otherwise limited by
battery life, the researcher swam in the interaction area measuring free-swimming R. typus.
Only pictures taken perpendicularly to the animal (90�) were used for analysis. Poor
visibility during the study period and the limited field-of-view of the camera used with the
photogrammetry set-up, made it diYcult to obtain a clear photograph of the entire length
of a whale shark, therefore Rohner et al. (2011) methods were used to estimate total length.
In the aforementioned study, the distance between the fifth gill slit and a perpendicular line
to the body axis passing on the anterior margin of the first dorsal fin is used in relation to
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Table 1 Model parameters and comparison for lagged identification rate of R. typus at Oslob. Parameters as preset by Whitehead (2009) in
SOCPROG 2.4. These parameters test from closed population models (A & B) to various combinations of emigration, reimmigration and mortality
(C–H). The values displayed show the diVerence between the QAIC (quasi-Akaike information criterion) results obtained for each model and the
smallest QAIC result.

Name Model parameters QAIC results:
provisioned individuals

QAIC results:
nonprovisioned individuals

A Closed (1/a1 = N) 1484.97 927.50

B Closed (a1 = N) 1484.97 927.50

C Emigration/mortality (a1 = emigration rate; 1/a2 = N) 553.00 235.40

D Emigration + reimmigration
(a1 = emigration rate; a2/(a2 + a3) = proportion of
population in study area at any time)

35.07 48.79

E Emigration/mortality
(a1 = N; a2 = mean residence time)

553.00 235.40

F Emigration + reimmigration + mortality 493.93 185.20

G Emigration + reimmigration
(a1 = N; a2 = mean time in study area;
a3 = mean time out of study area)

35.07 48.79

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

0.00 0.00

Notes.
Where N is the population size in the study area; QAIC, quasi-Akaike information criterion.

the total length of animal, measured from free-swimming and stranded animals, found to
be y = 4.8373x + 80.994 (r2 = 0.93). A total of 190 photograph measurements were used
for analysis on 20 individuals and fitted to the abovementioned equation.

Residency and lagged identification rate
Maximum likelihood methods were used to model and estimate overall residency time of
R. typus in the study area. Program SOCPROG 2.4 (Whitehead, 2009) was used to calculate
the lagged identification rate (LIR), which is the probability that an identified animal will
be resighted in the study area after a certain time period (Whitehead, 2001). Eight models
(Table 1) were compared to the empirical data, and tested for goodness of fit, with days
as units and no group variables included in the “Movement” module of the software.
The quasi-Akaike information criterion (QAIC) was used to evaluate each model’s results
and account for over-dispersion of data, and the summed log likelihood (SLL) was used
as a performance evaluator of each model (Whitehead, 2007). With the dataset in its
entirety, the best-fitting model was a poor approximation of the empirical results, with
LIR tapering to zero after 500–600 days. The empirical data clearly showed that individuals
who proactively fed from provisioning boats had a longer residency pattern to those who
didn’t, causing large over-dispersion of the data. The data was therefore separated to run
the models independently. The criterion for separation was “feeding behaviour”, where
one dataset would contain R. typus who had been observed feeding from feeder boats
(n = 54) defined as provisioned, and R. typus who had been identified but never observed
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Figure 2 Sex and size distribution of R. typus identified in Oslob.

feeding from feeder boats (n = 104), defined as non-provisioned. This was inputted
as supplemental data into SOCPROG. Both datasets were run as described above, and
results were found to better represent the data. The best-fit model (Model H, Table 1) for
both provisioned and non-provisioned sharks, respectively, were bootstrapped for 100
repetitions, to estimate standard errors and provide 95% confidence intervals (Buckland &
Garthwaite, 1991).

RESULTS
Population structure
In 621 days of survey, during the 641 days included in the study period, 158 individual
R. typus were identified. Sex was identified for 148 animals (94%), of which 129 were male
(82%) and 19 were female (12%), highlighting a significantly male biased population
(�2 = 45.7, P = 1.37e � 11). The estimated total length (LT) of the males (n = 118) had
a mean value of 5.5 m (±1.3 m S.D.), whereas the females (n = 19) had a mean value of
5.4 m (±1.5 m S.D.) showing no significance in size distribution (WMW, P = 0.8722).
Of the 129 males identified, 19 (14%) of them had claspers extending over the pelvic fins,
with a mean estimated LT of 6.9 m (±1.1 m S.D., n = 18), considerably larger than the
overall male mean estimated LT (WMW, P = 7.99e�05). Only four males were considered
to be sexually mature based on the calcified appearance of the claspers and a mean LT

over 8 m (Colman, 1997a). It was not possible to determine maturity of females and none
were visibly pregnant. The mean size of the population was 5.5 m (±1.3 m S.D., n = 141),
ranging from 2.5 m to 9 m (Fig. 2).

A total of 190 pictures were selected for photogrammetry measurement based on
photograph quality. Twenty individual sharks were measured between the 5th gill slit and
the start of the dorsal fin (BP1), yielding a mean total length based on BP1 measurements
of 5.6 m (±0.7 m S.D.). The researchers’ visually estimated LT for these 20 individuals
had a mean of 5.4 m (±1.3 m S.D.), a small diVerence of 0.2 m (±0.7 m S.D., WMW,
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Figure 3 Examples of scars observed on R. typus from collision with small (A) and large (B) propellers.

P = 0.4885). Linear regression of the researchers’ estimated LT and the results from the
BP1LT , yielded a significant relationship (r2 = 0.83, P = 2.57e�08).

Propeller scars were observed in 47% of the whale sharks (n = 158) probably derived
from small outrigger boats with propeller diameter between 5 and 20 cm, or from larger
commercial-vessel collisions (21–50 cm) (see Fig. 3). Scars were also used to aid individual
identification.

Presence
Throughout the 621 surveyed days, a mean of 12.7 (±4.3 S.D.) individual whale sharks
were seen in the survey area daily, with a maximum presence of 26 individuals (Aug
10 2013). A minimum presence of 2 individuals was recorded on Dec 6 2012, the first
day of survey after Typhoon Pablo (International code name “Bopha”) made landfall in
Southern Cebu on the Dec 4 2012. Given the length of the study period, the number of
new individuals present in the interaction area was analysed by month. Monthly variations
in the number of individual whale sharks present on at least one day during each month
appear to suggest some seasonality (Fig. 4). During the first month of the study (Apr 2012)
18 individuals were present in the interaction area. Forty-six individual R. typus were
identified throughout the months of June 2012 and May 2013. The maximum number
of R. typus identified in the study area was seen throughout October 2013, totalling 47
animals. In Contrast, a minimum of 15 individuals were present during February 2013.
Linear regression analysis of moon irradiance (%) posed no significant diVerence on the
daily presence of R. typus individuals in the study area (r2 = 0.0015; P = 0.33).

Of the 158 individuals identified, 29% (45) were seen once, whereas 71% (113)
were resighted (>1 day) in the interaction area. The mean presence of individuals in
the interaction area was 49.9 days (±118.7 days S.D.). Twenty-three (14.6% n = 158)
individuals were present for longer than the mean residency, and 12 individuals (7.6%
n = 158) were identified in the interaction area at least 50% of survey days (n = 621).
The maximum residency was observed on individual P-396 with a presence of 572 days,
or 92% of survey days (Fig. 5). The discovery curve of newly identified R. typus over time
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Figure 4 Presence of R. typus in Oslob between Mar 2012 and Dec 2013. Bars indicate the number
of individual R. typus present daily in the interaction area. The line shows the number of individuals
identified throughout each month of study.

Figure 5 Histogram depicting the presence of each individual R. typus at the study site for the dura-
tion of the study (n = 621).

also suggests seasonality as to when new individuals were identified in the study area, as
indicated by a steeper climb during peak season (May–Jun, Fig. 6).

Through the use of R. typus unique spot pattern, “Wildbook for Whale Sharks” library,
and the use of citizen scientists contributing to it, 11 individuals were matched in Southern
Leyte, a province located 200 km East across the Bohol Sea. Using the same methods, two
individuals were matched to pictures taken in Donsol (⇠380 km North East), and another
11 individuals were matched in other regional diving tourism destinations including
Malapascua Island (⇠220 km North), Panglao Island (⇠40 km East), and Moalboal
(⇠55 km North West). One individual was matched at both Malapascua Island and
Donsol. These matches are summarised in Table 2.
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Figure 6 Discovery curve for newly identified R. typus in the interaction area for the duration of the
study period.

Table 2 Summary table of R. typus matched across regional hotspots in the Philippines.

Shark ID Match location Source

COS-3 Pescador Island, Moalboal, Cebu Citizen Scientist

COS-11 Moalboal, Cebu Citizen Scientist

COS-12 Boljoon, Cebu Citizen Scientist

COS-14 Limasawa, Southern Leyte Authors

COS-35 San Ricardo, Southern Leyte Authors

COS-46 Panglao Island, Bohol Citizen Scientist

COS-47 Donsol, Sorsogon; Malapascua Island, Cebu Citizen Scientist

COS-50 Pescador Island, Moalboal, Cebu Citizen Scientist

COS-54 Panglao Island, Bohol Citizen Scientist

COS-56 Pescador Island, Moalboal, Cebu Citizen Scientist

COS-59 Moalboal, Cebu Citizen Scientist

COS-90 San Ricardo, Southern Leyte Authors

COS-105 Pintuyan, Southern Leyte Citizen Scientist

COS-109 Donsol, Sorsogon Wildbook for Whale Sharks

COS-125 San Ricardo, Southern Leyte Authors

COS-126 San Ricardo, Southern Leyte Authors

COS-129 Alona Beach, Bohol Citizen Scientist

COS-137 Pescador Island, Moalboal, Cebu Citizen Scientist

COS-138 Pescador Island, Moalboal, Cebu Citizen Scientist

COS-141 San Ricardo, Southern Leyte Authors

COS-148 San Ricardo, Southern Leyte Authors

COS-155 San Ricardo, Southern Leyte Authors

COS-156 San Ricardo, Southern Leyte Authors

COS-160 San Ricardo, Southern Leyte Authors

Notes.
Where Citizen Scientist relates to data shared by members of the public via direct collaboration, or via the Internet.
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Provisioned and non-provisioned individuals
Provisioned individuals (n = 54) had a mean ± S.D. estimated LT of 5.1 m (±1.3 m).
Size was estimated for 87 (n = 104) non-provisioned whale sharks with a mean ± S.D.
estimated LT 5.7 m (±1.3 m), showing a significant diVerence in size between the two
groups (WMW, P = 0.0163). Provisioned whale sharks were seen between 2 and 572 days
(n = 621) inside the interaction area (mean 135.6 ± 173.7 days S.D.), contrasting with
non-provisioned individuals who were seen present between 1 and 63 non-consecutive
days (mean 5.4 ± 9.1 days S.D.) (WMW, P = 2.2e�16). Moon irradiance had no signifi-
cance on the presence of provisioned or non-provisioned individuals at the study site as
explained by linear regression (r2 = 0.0006, P = 0.54; r2 = 0.0033, P = 0.15 respectively).
Sex was determined for provisioned individuals with 49 males (91%, n = 54) and 5 females
(9%, n = 54), and for non-provisioned individuals with 80 males (77%, n = 104), 14
females (13%, n = 104) and 10 of undetermined sex (10%, n = 104). Both groups were
significantly male biased (�2 = 19.6, P = 9.63e � 06, and �2 = 24.8, P = 6.20e � 07,
respectively). Propeller scars were observed on 51% of provisioned individuals, and on
44% of non-provisioned individuals, showing no significance (�2 = 0.13, P = 0.72)
relative to the overall population scarring (47%).

Residency and lagged identification rate
The LIR and residency models showed that provisioned R. typus had a mean residency
of 44.9 ± 20.6 S.E. (95% CI [38.5–113.4]) days, contrasting with a mean of 22.4 ± 8.9
S.E. (95% CI [6.0–36.2]) days on non-provisioned individuals. The mean time spent
outside the study area was 22.6 ± 12.4 S.E. (95% CI [0.0–45.2]) days for provisioned
individuals, and 94.7 ± 133.6 S.E. (95% CI [14.6–447.5]) days for non-provisioned
individuals. The mean permanent emigration and mortality rate, where the animal is
considered to have left the population, was modelled at 0.00031 ± 0.00022 S.E. (95% CI
[�0.000084–0.000823]), and 0.003023 ± 0.001103 S.E. (95% CI [0.001437–0.006185]) for
provisioned and non-provisioned whale sharks respectively.

The LIR was modelled for both datasets. The LIR for non-provisioned individuals
showed a fast decrease from 1 to mean 93.3 days, after which the probability of resighting
an individual decreased and stayed above zero for the remainder of the study (Fig. 7).
Interestingly, there is a slight increased LIR at mean 379.2 days, potentially highlighting
yearly seasonality. In contrast, LIR for provisioned individuals also showed a steep decrease
from 1 to mean 94.9 days, however, the decrease in LIR over time was steady with only a
9.7% decrease from mean 47.4 to 554.7 days (Fig. 7). The LIR after 600 days of study period
was 0.041707 and 0.005578 for provisioned and non-provisioned animals respectively,
highlighting an almost 10-fold probability of resighting a provisioned whale shark than a
non-provisioned one.

DISCUSSION
This is the first description of R. typus at a provisioning site in Southern Cebu, and the
first publication describing the population structure of the species in the Philippines. A
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Figure 7 Lagged identification rate (LIR) for provisioned (red) and non-provisioned (green) R. typus
at Oslob over increasing time periods. Modelled from fitted emigration + reimmigration + mortality
rate (mean ± S.E.) (see Table 1).

total of 158 individuals were identified, of which 82% were male, following the population
structure of most sites across the globe, which is primarily juvenile male biased (Rowat &
Brooks, 2012). The size of individuals ranged from 2.5 to 9.0 m LT , with only four males
appearing to be sexually mature. The maturity of females was impossible to determine,
though it has been suggested that it occurs >9.0 m, larger than the biggest female identified
in Oslob (8.0 m) (Rowat & Brooks, 2012). The mean size of the animals (5.5 m) was
similar to that of previously described aggregations from Ningaloo Reef, Baja California
and the Maldives (Nelson & Eckert, 2007; Bradshaw et al., 2008; Riley et al., 2010), and
slightly smaller than that described at Honduras, Gulf of Mexico, Qatar and the Seychelles
(Graham & Roberts, 2007; de la Parra Venegas et al., 2011; Rowat et al., 2011; Robinson et al.,
2013; Fox et al., 2013). While there were no individuals <2.0 m LT identified, three R. typus
<2.0 m LT were previously reported (46 cm, 64 cm & 140 cm respectively) in Sorsogon
Province near Donsol by Aca & Schmidt (2011), two of which were neonates, as they were
smaller than the largest foetus described by Joung et al. (1996). The relative proximity of
Oslob to this possible pupping ground and the connectivity established through photo-ID
(Table 2) is a reminder of the importance of the area for the ecology of R. typus. This is
however contrasted with the scarcity of sexually mature individuals, with only four males
identified throughout the study, the largest of which was 9.0 m LT .

The use of photogrammetry as a non-invasive means to measure R. typus, and validate
researchers’ estimated lengths, is an excellent approach. The results obtained for 20
R. typus, were only 0.2 m (±0.7 m) oV those visually estimated lengths, indicating that
researchers’ estimates are a good approximation of the real sizes. The relationship found
was less significant (r2 = 0.83) than that obtained by Rohner et al. (2011), and can be
attributed to using estimated lengths as opposed to total-length measurements with
laser photogrammetry. However, it shows the important role this technique can play in
improving accuracy on size estimation.
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Propeller scars were observed in 47% of individuals. The fact that R. typus spends a
significant amount of time at or near the surface makes it more vulnerable to vessel
collision (Norman, 2002; Graham, Roberts & Smart, 2006; Rowat & Gore, 2007; Speed et
al., 2008; Brunnschweiler et al., 2009; Brunnschweiler & Sims, 2011). In the Central Visayas
region, where the study was conducted, small coastal villages use small motorized vessels
with 5–20 cm diameter propellers to fish in near-shore waters, areas where R. typus is likely
to visit for foraging. The percentage of individuals with propeller cuts within the Oslob
population was higher than that recorded in Isla Holbox, Mexico (25%) (Ramı́rez-Maćıas
et al., 2012). However, findings by Speed et al. (2008) did note that scarred individuals
returned to the same aggregation, suggesting that propeller cuts do not necessarily impact
habitat use. This was further supported by our observations in which individuals with fresh
propeller cuts would return to the interaction area repeatedly. Given the high occurrence of
propeller scars, propeller guards were highly recommended for operators visiting the study
area, unfortunately none have been implemented yet.

Twenty-four individuals (15%, n = 158) were matched through Photo-ID and the use
of their unique spot patterns, in other national hotspots, highlighting R. typus migratory
nature as previously reported from both telemetry and Photo-ID studies (Eckert & Stewart,
2001; Eckert et al., 2002; Wilson et al., 2006; Graham & Roberts, 2007; Brunnschweiler et
al., 2009; Brunnschweiler & Sims, 2011; McKinney et al., 2013). It also underlines the
species’ large range, and the potential risk that the behavioural change induced by the
provisioning poses to such migratory nature. To date, 650 individuals have been identified
on “Wildbook for Whale Sharks” in the Philippines, meaning that Oslob potentially hosts
24% of the country’s population of R. typus.

The results of the present study show a significant diVerence in residency patterns
between provisioned and non-provisioned individuals suggesting behavioural modifica-
tion. This aggregation site is diVerent to any other whale shark site previously identified
and described because of the nature of the interaction, where the animals are attracted
to the area with food. While a scientific description of provisioning R. typus has been
lacking, a similar conditioning has been happening in Teluk Cenderawasih National Park,
West Papua, Indonesia, but no data are yet available for comparison (Tania et al., 2013).
Provisioning is more commonly used to attract apex predators where their presence is
otherwise unreliable and unpredictable. Contrastingly, whale shark tourism interactions
are based on their natural and reliable seasonal appearances at feeding sites (Rowat &
Brooks, 2012).

The analyses showed no significant diVerence in sex and presence of propeller scars,
between provisioned and non-provisioned individuals, however there was a significant
significance in their residency times (WMW, P = 2.2e�16). Fifty-four individuals were
recorded doing so, 12 of which were present in the study area over 50% of survey days
(n = 621). Site fidelity of this magnitude has never been described in R. typus, where
individuals are resighted year-round for a prolonged period of time in the same relatively
small area, highlighting the potential conditioning the provisioning activities can have on
these whale sharks as clearly exemplified by individual P-396 who was seen on 572 days
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(92% of surveyed days). Provisioned individuals (5.1 ± 1.3 m) were significantly smaller
than non-provisioned individuals (5.7 ± 1.3 m), but could arguably be attributed to the
smaller sample size. Figure 4 depicts the number of individuals present daily, and monthly,
highlighting an increase of daily individuals over time (r2 = 0.29, P < 0.05). This could
be recruitment of new non-provisioned individuals that learn how to feed from the feeder
boats or individuals attracted to the site by the food pulse. Non-provisioned individuals
were observed swimming slowly and showing curiosity, approaching snorkelers and
boats alike, possibly attracted by the large amount of food dispersed in the water during
the provisioning activities. Forty-five individuals were only seen once (28%, n = 158),
indicating that the species probably migrate through the area.

The residency of R. typus was modelled to understand their presence in Oslob and con-
trast to other areas. This model described the provisioned individuals to have a residency
time twice as long (44.9 ± 20.6 S.E. days) as non-provisioned ones (22.4 ± 8.9 S.E. days).
With a dataset spanning through 10 years, Fox et al. (2013) modelled a mean residency
of 11.76 ± 4.54 days at Utila, and through mark-recapture modelling, residency by
R. typus at Ningaloo Reef was estimated at 33 days (Holmberg, Norman & Arzoumanian,
2009). The latter is higher than non-provisioned individuals in Oslob, though this can be
attributed to the fact that this study was conducted inside a small interaction area, whereas
at Ningaloo animals are sighted throughout a much larger area. Unfortunately few data
are available for comparison using the same methods used in this study on estimating
residency. Similarly, the LIR results show that after 621 days the probability of resighting a
non-provisioned individual is only 13% of that of a provisioned individual. Results using
the same statistical approach, from Ramı́rez-Maćıas, Vázquez-Haikin & Vázquez-Juárez
(2012), showed a decline in LIR between 3–30 days at one location, and 3–60 days at
their second study site, the latter suggesting slightly longer residency time. In Honduras,
the LIR also declined sharply after 16–31 days (Fox et al., 2013). The results from these
sites are similar to those found here, though the LIR of provisioned individuals stayed
at a relatively high level over the duration of the study period. The mortality rate and
permanent emigration modelled for non-provisioned individuals was also ⇠10-fold that
of provisioned individuals, suggesting they are much likelier to leave the study area. These
diVerences in both residency and probability of being resighted at one particular site over
time suggest behavioural modification induced by the provisioning activities.

CONCLUSION
The population of R. typus visiting the waters of Oslob follow a similar structure in
terms of size and sex distribution to many populations around the globe. The residency
in this study area is however, considerably higher than that previously described, as
is the lagged identification rate modelled though maximum likelihood methods for
provisioned individuals. The short and long term impacts of such prolonged residency
in one area for a highly migratory species like the whale shark needs further investigation.
The results presented here underline behavioural diVerences between provisioned and
non-provisioned individuals but caution is advised extrapolating the definition of
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provisioned animals beyond the scope of this study. Approximately 34% of the population
was categorised as being provisioned, and are therefore potentially aVected by this human
interference with their natural ecology. Further work will focus on the dietary diVerences
in provisioned and non-provisioned individuals, as well as other behavioural changes
not directly observed or measured through residency, preferably through the use of
telemetry technology. The environmental impact of the provisioning activities on the local
ecosystems beyond the species under direct study will also be explored. This coupled with
the socio-economical aspects of the provisioning activities will be pursued to delineate
the limits of acceptable change and suggest a management plan to the Philippine National
Government.
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ABSTRACT

1. The whale shark, Rhincodon typus, is a charismatic umbrella species whose highly mobile nature is not yet
fully understood. Whale sharks roam the Philippine archipelago with two major aggregations known to occur
at Donsol and at a provisioning site in Cebu.

2. This is the first description of a previously identified aggregation occurring off Panaon Island, Southern Leyte
through the use of photographic identification. In total, 93 individual whale sharks were identified, with significant
male bias (58%). The mean estimated total length of individuals was 5.72 ± 1.02 m S.D., indicating a juvenile
aggregation.

3. Partial or complete fin amputations, potentially resulting from fishing lines, boat propellers or net
entanglement, were observed on 27% of animals, highlighting some of the risks human activities can have on
this threatened species. Multiple parallel scars, identified as propeller impact, were observed on 45% of animals.

4. Dedicated research seasons in 2013 and 2014 yielded very different whale shark encounters with 366 in 2013
and 12 in 2014, yet highlighted the recurrence of individuals at the study site. Complemented by data collected
through citizen science, maximum likelihood methods were used to model mean residency of whale sharks at
Panaon Island of 27.04 days. The modelled lagged identification rate showed that many whale sharks return to
the study site over time.

5. Whale sharks from Panaon Island were identified through photo-ID and citizen science at other sites in the
Philippines, as well as a match to Taiwan, representing the first international match through photo-ID in South-
east Asia with a minimum distance covered of 1600 km.

6. Given the highly mobile nature and recent exploitation of this species, management is recommended as a
single unit regionally in South-east Asia. Additional research is needed to focus on the drivers of variation in
encounters at whale shark aggregation sites.
Copyright # 2016 John Wiley & Sons, Ltd.
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INTRODUCTION

The whale shark, Rhincodon typus Smith 1828, the
world’s largest fish, is a highly mobile species that
predominantly inhabits tropical and warm temperate
waters (Smith, 1828; Rowat and Brooks, 2012).
Whale sharks are typically observed feeding on
surface zooplankton, although fatty acid studies have
shown that they may also consume demersal
macroplankton and small fishes (Rowat and Brooks,
2012; Rohner et al., 2013). Seasonal aggregations
of whale sharks occur at various sites throughout
the tropics and are generally linked to feeding events
(e.g. Graham and Roberts, 2007; Motta et al., 2010;
Robinson et al., 2013). These aggregations, thought
to be seasonal, might not be. Recent evidence
suggests whale sharks have stronger site fidelity and
longer residency periods than originally thought, as
explored through acoustic telemetry at a site in
Tanzania (Cagua et al., 2015).

As a result of these predictable aggregations, and
the charismatic nature of the sharks, whale sharks
support large, profitable tourism endeavours (Davis
et al., 1997; Topelko and Dearden, 2005; Gallagher
and Hammerschlag, 2011; Cagua et al., 2014). The
economic benefits associated with such industries are
paramount for the communities directly or indirectly
involved, yet the limits of acceptable change from
this non-consumptive use of the species have yet to
be defined in order to sustainably manage the
human–shark interaction (Duffus and Dearden,
1990; Quiros, 2007; Remolina-Suárez et al., 2007;
Catlin et al., 2011). Recent evidence suggests that
provisioning of whale sharks, such as that which
occurs in Oslob, Philippines, where whale sharks are
hand-fed daily, can lead to increased residency times
in coastal aggregating areas (Araujo et al., 2014).
Such behavioural changes could conceivably
influence long-term foraging and migratory patterns
of these individuals, thereby affecting population
processes. However, additional research is required
to elucidate whale shark movements across spatial
and temporal scales, and assess tourism impacts
more thoroughly via comparison with the behaviour
and physiology of sharks at sustainably managed,
non-provisioning locations.

The use of natural markings to identify and
distinguish among individuals is an important

complement to demographic studies, and photo-
ID is preferred over other more invasive
techniques when its assumptions are met (Defran
et al., 1990; Carbone et al., 2001; Holmberg et al.,
2008; Marshall and Pierce, 2012). Individual whale
sharks have unique and unchanging spot patterns
that can be used to identify individuals in mark–
recapture studies (Arzoumanian et al., 2005; Speed
et al., 2007). Two software packages are widely
used to identify whale shark spot patterns for
individual identification: I3S (http://www.reijns.
com/i3s) (Van Tienhoven et al., 2007), and the
internet-based ‘Wildbook for Whale Sharks’,
originally ECOCEAN (http://www.whaleshark.
org) (Arzoumanian et al., 2005). Photo-ID has
been used to study a large variety of wide-ranging
marine species. Through the use of photo-ID
Weller et al. (2012) showed that the critically
endangered western North Pacific gray whale
Eschrichtius robustus moves across the North
Pacific Ocean despite genetic segregation (Lang
et al., 2011). Similarly, Germanov and Marshall
(2014) used photo-ID to show the movement of
reef manta rays Manta alfredi through Indonesian
islands. Studies such as these highlight the
importance of this minimally invasive technique
and how it can help monitor highly mobile species.

Citizen science, where the general public is
enlisted to collect data, represents a cost-effective
method to monitor wild animal populations across
time and space (Bonney et al., 2009; Silvertown,
2009; Dickinson et al., 2010; Vianna et al., 2014).
In sharks, citizen science has been widely used by
harnessing snorkellers and recreational divers to
collect data on distribution, demographics,
abundance and movement (Huveneers et al., 2009;
Davies et al., 2012; Hussey et al., 2013; Vianna
et al., 2014). Whale sharks are well suited for
citizen science studies given their size and surface-
swimming behaviour, which make them easy to
photograph (Davies et al., 2012). The growing
prevalence of whale shark tourism around the
world suggests that such sites can potentially
generate large sets of identification data from the
participating public (Holmberg et al., 2009; Davies
et al., 2012). For example, in Ningaloo Reef,
Western Australia, enlisting public participation
has enabled researchers to collect thousands of
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whale shark photographs with minimal costs
(Meekan et al., 2006; Holmberg et al., 2008,
2009). Similarly, a study by Davies et al. (2012) in
South Ari Atoll, Maldives, used publically sourced
photographs to investigate the suitability of mark–
recapture techniques for estimating life-history
variables and determining the regional
conservation status of whale sharks in the area.

Whale sharks inhabit the entire Philippine
archipelago, with the largest known aggregation
site occurring at Donsol, Sorsogon Province in
Southern Luzon, with more than 390 individuals
identified in the area between March 2007 and
June 2014 (www.whaleshark.org). A second
aggregation, associated with human provisioning,
occurs at Oslob, Cebu, where 204 individuals have
been identified between March 2012 and
December 2014 (Pine et al., 2007; Araujo et al.,
2014; G Araujo, unpublished data). The UK-
based charity, Coral Cay Conservation (www.
coralcay.org), conducted two exploratory trips in
Sogod Bay, Southern Leyte in 2006 and 2007,

with the latter trip identifying 28 individuals off
Panaon Island in 7 days (O’Farrell et al., 2006;
Quiros et al., 2007). Following these reports, the
authors conducted an exploratory trip in May
2012 that identified six individuals in 2 days of
survey, prompting the present study. The Bohol
Sea was historically an important whale shark
hunting ground (Figure 1), where approximately
700 animals were reportedly landed at two
primary fishery sites between 1990 and 1997
(Alava et al., 2002). Whale sharks were protected
nationally in 1998 (Fisheries Administrative Order
193, Department of Agriculture), although no
extensive population assessment was conducted.
Currently, the aggregation off Panaon Island is the
focus of a small tourism industry. Analyses of the
population structure and dynamics of this
aggregation are therefore needed to inform the
management of whale sharks in this region.

Opportunistic photo-identification, boat-based
surveys and citizen science were used to: 1. provide
the first detailed account of a little-known

Figure 1. White circles represent locations where whale sharks from Panaon Island were identified from citizen science and dedicated photo-ID.
Bathymetry lines are shown in metres.
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aggregation of whale sharks in Southern Leyte; 2.
assess broad-scale movements of whale sharks
identified at the study site within the Philippines
and internationally; and 3. model whale shark
residency patterns using modified maximum-
likelihood methods for opportunistic photo-
identification data (Whitehead, 2001) and conduct
qualitative comparisons with other known regional
and international aggregations.

MATERIALS AND METHODS

All the methods presented here were conducted in
accordance with national and local laws in respect
of animal welfare. The Municipalities of Liloan,
Pintuyan and San Ricardo in Panaon Island,
Southern Leyte granted the authors a Prior
Informed Consent document to conduct work
within their Municipalities.

Study site

Panaon Island lies at the easternmost entrance to
the Bohol Sea, off Leyte Island in the Eastern
Visayas region (Figure 1). Its southern tip is
exposed to the Bohol Jet, a strong south-westward
flowing surface current that flows into the Bohol
Sea from the Pacific Ocean (Cabrera et al., 2011).
These rich waters host one of the highest
diversities of marine megafauna in Asia with at
least 19 cetacean species, five species of mobulid
rays, and four species of sea turtles (Ponzo et al.,
2011; Freeman et al., 2014; Verdote and Ponzo,
2014). To the west of Panaon Island lies Sogod
Bay, reaching a maximum depth of 1400 m in the
central channel and receiving >2 m of rainfall
annually, holding rich tuna, flying fish, herrings,
anchovies and Spanish mackerel populations
(Calumpong et al., 1994). Seasonality is shaped
by the occurrence of the South-west Monsoon,
locally known as ‘habagat’. In the present
study, researchers were based in Barangay
Son-Ok, Pintuyan Bay, south-west of Panaon
Island (Figure 1).

Dedicated surveys

Since 2007, whale shark watching tourism
operations in Panaon Island have been run by

KASAKA, a people’s organization formed by
community members of Barangay Son-Ok as a
means to supplement livelihoods. Two different
dedicated survey techniques to survey for whale
sharks were employed (Figure 2). First, surveys
were conducted aboard tourist boats visiting the
area from Padre Burgos, a town across Sogod
Bay, who would allow researchers onboard. These
boats had an observation platform 1–2 m above
the surface, allowing a greater angle to sight whale
sharks underwater or breaking the surface. The
second method involved researchers using small,
motorized outrigger boats (pumpboats) to survey
the same area. These smaller boats put researchers
closer to the water (0.5 m above the surface),
hence reducing the search angle. Both methods
involved a haphazard survey of the coastline 50 to
150 m offshore in search of whale sharks. Surveys
were supported by ‘spotters’, who paddled one-
man outrigger boats and spotted whale sharks
breaking the surface or, with the aid of goggles,
underwater. Upon sighting a whale shark, the
boats would aim to approach ahead of the
animal’s path and drop tourists and/or researchers
not closer than 20 m to avoid disturbance,
following guidelines suggested by Pierce et al.
(2010). Survey duration was limited to three hours
by a local ordinance, though trips could last
considerably longer if no whale sharks were
spotted. GPS waypoints were taken on most
surveys upon, starting a survey, spotting a whale
shark, at the start and end of each encounter,
when the survey was resumed and/or paused, and
when the survey ended.

The 2013 research season started on 8 February
and was terminated on 9 July including 111 days
of survey. The 2014 season started on 6 February
and finished on 15 June including 39 days of survey.

Photographic identification

Photographic identification was used as a minimally
invasive tool to describe the aggregation of whale
sharks. Upon sighting a whale shark and
recording a waypoint, researchers would enter the
water and initially approach the left side of the
animal where possible to avoid potentially double
counting an individual (Fox et al., 2013).
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Photographs were taken of the area behind the gill
slits and above the pectoral fin on both sides of
the whale shark for individual recognition
(Arzoumanian et al., 2005). Sex was determined
by visual inspection for presence (males) or
absence (females) of claspers. Scars present on
individual whale sharks were also photographed
and recorded. Sex was only assigned to an
individual when photographs were collected to
corroborate observations. Maturity in males was
inferred based on clasper morphology (Norman
and Stevens, 2007). Whale shark size was
estimated during each encounter by photographing
individual whale sharks next to objects of known
length where possible, or visually estimated by a
trained researcher. Researchers also trained a
KASAKA spotter to accurately take photographs
of whale sharks for identification purposes, in
order to maximize collection of photographic data,
particularly when multiple animals were present in
the same area or multiple tourist boats were in the
area.

The photographer, who would determine the
identity of each individual, first processed and
sorted photographs collected during surveys, as
well as any other identification photographs

provided by the spotter. A second researcher
confirmed the identity of individual whale sharks.
Finally, a third researcher loaded identification
photographs into a local I3S (http://www.reijns.
com/i3s) (Van Tienhoven et al., 2007) database to
reduce mismatches between individuals. New,
previously unidentified individuals were uploaded
onto the international whale shark database
‘Wildbook for Whale Sharks’. The presence of
every individual identified was recorded on a
spreadsheet for each survey day, together with
details of the observation platform, researchers’
names, and animal behaviour where possible.

Citizen science

Citizen science data were collected throughout a
period of six months, starting on 15 February 2014.
Popular social media, file sharing, and search engines
were scanned systematically following keyword
combinations and Boolean operators to increase
positive search results and reduce duplicates.
Screenshot stills were taken for shark identification
where no download option was available, and
assigned an arbitrary file name. Three researchers
verified and validated the resulting identification

Figure 2. Surveys were carried out aboard two different platforms: tourist boats (A) or outrigger pumpboats (B). Surveys were aided by ‘spotters’ to
maximize sightings of whale sharks (C).
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images. Users with usable identification images or
videos were contacted to verify the time and place of
encounters. Whale shark photographs from tour
operators that visit Panaon Island, from the Coral
Cay Conservation exploratory trips in 2006 and
2007, and from the authors’ exploratory trip in 2012
were collected. Limasawa Island was not considered
part of the study site given the relative distance, and
the low number of results and matches with
individuals from Panaon Island (Figure 1).

Some of the citizen science identification data
were incomplete, lacking specific dates and times,
as well as a specific encounter location. Given that
whale shark tourism is only run from Pintuyan Bay
and neighbouring areas in Panaon Island, all
identification data were considered to come from
within the study area. For photographs containing
only the month, the 15th of that month was
assigned as the encounter date. For photographs
where no encounter date could be confirmed, the
online submission date was used as the encounter
date. These assumptions were necessary in order to
maximize identification data obtained from sources
other than through direct research effort, and
therefore caution should be taken when using these
results for comparison elsewhere.

Modelling residency using maximum likelihood
methods for opportunistic data

Maximum likelihood methods were used to model
and estimate overall residency time of whale sharks
in the study area following Whitehead (2001). This
approach is appropriate for analysis of opportunistic,
ad hoc data because it uses resighting data to
determine the spatiotemporal distribution of effort.
This statistical approach has been previously used on
whale sharks (Ramírez-Macías et al., 2012; Fox
et al., 2013; Araujo et al., 2014), reef manta rays
(Deakos et al., 2011) and cetaceans (Whitehead,
2001; Wimmer and Whitehead, 2004). The lagged
identification rate (LIR) was calculated, defined as
the probability that an identified animal will be
resighted in the study area after a certain time lag
(Whitehead, 2001), using the software SOCPROG
2.4 (Whitehead, 2009). LIR plots provide insight into
animal movement and residency patterns
(Whitehead, 2001); a plot showing a steep decline

after a certain time lag, and then levelling off above
zero after a longer time lag, would indicate that
some whale sharks leave the study area after a
certain residency period, some remain resident,
and/or some individuals return to the study area
(Whitehead, 2001).

Eight models were tested for goodness of fit,
representing closed population to various
combinations of open population including
emigration, reimmigration and mortality rates, with
days as units and no group variables included in the
‘Movement’ module of the software (Table 1).
Model results were evaluated using the Quasi-
Akaike information criterion (QAIC) to account for
data overdispersion, and the summed log-likelihood
(SLL) was used as a performance evaluator of each
model, where the larger this value is the more likely
the sample will be observed given the model
parameters (Whitehead, 2007). The best-fit models
with the lowest QAIC and largest SLL were
bootstrapped for 100 repetitions to estimate standard
errors and provide 95% confidence intervals for the
LIR estimates (Buckland and Garthwaite, 1991).

Pearson’s chi-squared (χ2) test was used to examine
any bias among sex-identified whale sharks from an

Table 1. Models tested for lagged identification rate (LIR)

Name Model parameter
QAIC
result

SLL
result

A Closed (1/a1=N) 5402.69 -12901.68
B Closed (a1=N) 5402.69 -12901.68
C Emigration/mortality

(a1=emigration rate; 1/a2=N)
5318.10 -12694.91

D Emigration + reimmigration
(a1=emigration rate; a2/(a2+a3)
=proportion of population in study
area at any time)

5308.81 -12667.94

E Emigration/mortality (a1=N;
a2=Mean residence time)

5318.10 -12694.91

F Emigration + reimmigration +
mortality

5311.31 -12669.13

G Emigration + reimmigration (a1=N;
a2=Mean time in study area;
a3=Mean time out of study area)

5308.81 -12667.94

H Emigration + reimmigration +
mortality (a1=N; a2=Mean time in
study area; a3=Mean time out of
study area; a4=Mortality rate)

5280.75 -12596.15

Models run as preset by SOCPROG 2.4 (Whitehead, 2009). The
parameters test for population closure (A and B), as well as
emigration, reimmigration and mortality rates (models C to H).
Model selection was made on the lowest QAIC (Quasi-Akaike
Information Criterion) and largest SSL (Summed logged likelihood).
N is the population size at the study site.
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assumed 1:1 male to female ratio (Joung et al., 1996).
Wilcoxon–Mann–Whitney (WMW) tests were run to
test for significance when the data were not normally
distributed (Fay and Proschan, 2010). Statistical
significance was tested at P = 0.05. Linear regression
models were used to test whether moon irradiance
(%) and the number of spotters were positively
correlated with the number of individual whale
sharks encountered. The percentage of moon
irradiance was tested as a possible variable affecting
the presence of whale sharks at the study site as
suggested by Graham et al. (2006). These data were
extracted from www.timeanddate.com (accessed 30
August 2014). The statistical analyses were
conducted using the software R version 3.0.1
(http://www.R-project.org).

RESULTS

Population structure

In total, 93 individual whale sharks were identified
in 2013 and 2014. The aggregation was
significantly male biased, with 54 males (58%), 13
females (14%) and 26 (28%) of undetermined sex
(χ2 = 12.52, P < 0.001). Size was estimated for 69
individuals (74%, n = 93) with an overall mean of
5.72 ± 1.02 m SD. Male whale sharks ranged from
4.0 m to 8.50 m estimated total length (LT), with a
mean of 5.95 ±1.07 m SD (n = 46). Female whale
sharks ranged from 4.0 m to 6.25 m, with a mean
LT of 5.43 ±0.69 m SD (n = 10), showing no
significant difference in size between the sexes

(MWM, P > 0.05) (Figure 3). Only two male
individuals were considered to be mature with a
LT of 8.0 and 8.5 m respectively, as well as having
claspers of calcified appearance (Norman and
Stevens, 2007). All other males (n = 52) were
considered immature.

Multiple parallel scars identified as propeller cuts
were observed on 42 individuals (45%, n = 93). This
was attributed to clear parallel propeller collision
strikes (5–50 cm strikes). Partial or complete fin
amputations were observed on 25 individuals
(27%, n = 93) attributable to propeller collisions,
where a single or multiple cuts led to a fin
amputation, fishing lines, net entanglement, or
predatory bites (Speed et al., 2008).

Survey effort and whale shark sightings: 2013

The 2013 field season yielded 111 survey days over a
span of 152 days. GPS data were collected for 76
surveys, with a mean survey time of 235 ± 48 min
SD. Surveys covered a mean distance of 31.36 km,
ranging from 15.13 to 48.60 km. A minimum
distance of 2351.90 km was surveyed over the
course of the 76 surveys. In total, 366 whale shark
encounters were recorded, ranging from 0 to 9
individuals encountered per survey day, with a
seasonal mean of 3.3 ± 2.0 SD individuals
encountered per survey day. Peak individual
encounter rate was throughout the month of April
ranging from 1 to 8 individuals encountered per
day, with a mean of 4.4 ± 1.78 SD per day. A
maximum of nine individuals were encountered
within a single survey in the months of May and
June (Figure 4).

In total, 92 individual whale sharks were
identified during the 2013 field season. Although
40 individuals (43%) were seen only once, some
individuals were resighted in the study area
multiple times. One individual, P-472, was seen on
36 different survey days. Twenty-three (25%)
individuals were resighted on more than five
different days, one of which spanned 108 days
from first to last sighting. Survey days were limited
by weather conditions and/or the possibility of a
researcher going onboard a tourist boat. Moon
irradiance had no effect on the number of sharks
seen during a survey (r2 = 0.01, P = 0.3, d.f. = 109).
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Figure 3. Size and sex distribution of identified whale sharks at the
study site (females = dark grey, males = black, unknown = light grey).
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Whale sharks were encountered between
Pintuyan Bay and Esperanza, on the eastern side
of Panaon Island, stretching over a 17.5 km
distance. However, 94% (n = 298) of whale sharks
encountered occurred between 9° 54.767’N, 125°
15.255’ E and 9° 55.385’ N, 125° 17.846’ E, a
stretch that spans just 5.6 km (Figure 5). Seventy-
two surveys (n = 97, 74%) were conducted aboard
one of 12 tourist boats that visit Panaon Island in
search of whale sharks. These trips used between 0

and 6 spotters, with a mean of 3.72 ±1.14 SD. A
further 25 (26%) surveys were conducted from
small pumpboats carrying up to three
researchers, with a mean of 1.84 ±1.14 SD
spotters per trip. The remaining 14 days of
identification data were collected by the trained
KASAKA spotter who carried an underwater
camera with him, as no researchers were able to
get onboard those tourist trips, and therefore no
additional data are provided. The number of
spotters was not significantly correlated with the
number of whale sharks encountered (r2 = 0.025,
P = 0.143, d.f. = 84).

Survey effort and whale shark sightings: 2014

A total of 39 surveys were conducted throughout
the 2014 season between 6 February and 15 June,
spanning 130 days. Fifteen surveys (38%) were
conducted aboard tourist boats, and the remaining
24 were conducted aboard pumpboats. In contrast
to the previous year’s field season, the 2014 season
saw very few whale sharks at the study site with
only 12 whale shark encounters throughout the
whole season. Seven individual whale sharks were
identified in 2014, six of which had been identified
in 2013, and only one newly identified individual
was encountered. Most encounters occurred in a
small bay in Barangay Calian, Municipality of

Figure 5. GPS waypoints of whale sharks encountered at the study site during 2013 and 2014. Green circles indicate 2013 encounters (n= 298), and red
diamonds indicate 2014 encounters (n= 10). Bathymetry lines are shown in metres.
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Liloan (Figure 5), between 6 March and 12
March following the spawning of sergestid shrimps
(G Araujo, pers. obs.). Following the lack of
success finding whale sharks after that short
period, no surveys were conducted between May 6
and June 5, but contact was maintained with tour
operators and local fishermen in case of reported
sightings. However, no whale sharks were sighted
during this period. GPS data were collected for 39
survey days with a mean length of 230 ± 97 min
SD, covering a mean 30.16 ± 17.04 km SD per
survey.

Citizen science

In total, 276 photographs were sourced through
dedicated online searches, ‘Wildbook for Whale
Sharks’, and direct contributions from tourists and
dive operators (Table 2). Only 159 (58%)
photographs were usable for whale shark
identification. A total of 85 (31%) photographs
contained whale sharks encountered at the study site,
including 14 newly identified individuals. The overall
number of usable photographs was limited mostly
due to poor image quality or wrong framing. These
identification data did, however, help construct the
residency models described below by providing
spatial and temporal information on how whale
sharks used the study site. Five individuals were
resighted at the study site over a period spanning 5

years. The citizen science data gathered
also provided valuable insight into the species’
movement (Table 3). Through photo-ID, 12
individuals were matched at a provisioning site in
Oslob, Cebu (approx. 220 km south-west from the
present study site), consistent with Araujo et al.
(2014). Two individuals were identified in Donsol,
Sorsogon Province, one individual was matched to
Talisayan, Misamis Oriental Province, and another
individual was identified in Mati, Davao Oriental

Table 2. Photo-ID data gathered through citizen science

Source Keyword search Extracted photos Individual R. typus Panaon Island IDs

YouTube Padre Burgos whale shark 14 11 7
Pintuyan whale shark 8 3 2
San Ricardo whale shark 1 1 1
Sogod Bay whale shark 18 12 3
Southern Leyte whale shark 38 20 16

Vimeo Southern Leyte whale shark 15 13 9
Flickr whale shark leyte 3 0 0

whale shark pintuyan 6 1 1
whale shark sogod 6 6 3
whale shark sonok 42 9 3
whale shark southern leyte 9 6 6

Facebook - 5 0 0
Email - 2 2 2
CCC - 18 10 3
Wildbook for Whale Sharks - 8 8 1
Dive resorts - 77 51 26
Authors (2012) - 6 6 2

Total 276 159 85

Summary of citizen science-sourced identification data. In total, 85 identification photographs were from the study site and used to model the residency
patterns and lagged identification rate of R. typus at Panaon Island. Search keywords were case sensitive.

Table 3. Whale sharks identified across different areas through photo-
ID

Shark ID Match location Source

P-428 Oslob, Cebu Authors
P-429 Oslob, Cebu Authors
P-464 Oslob, Cebu; Panglao Island, Bohol Authors
P-499 Oslob, Cebu Authors
P-555 Oslob, Cebu Authors
P-456 Oslob, Cebu Authors
P-556 Oslob, Cebu Authors
P-511 Oslob, Cebu Authors
P-391 Oslob, Cebu Authors
P-533 Oslob, Cebu Authors
P-512 Oslob, Cebu; Limasawa Island,

So Leyte
Authors

P-613 Oslob, Cebu Authors
P-220 Donsol, Sorsogon WWF-Philippines
P-237 Donsol, Sorsogon WWF-Philippines
P-376 Limasawa Island, So Leyte Citizen Scientist
P-529 Talisayan, Misamis Oriental Citizen Scientist
P-635 Mati, Davao Oriental Authors
P-545 Taiwan Dr Hua Hsun Hsu

Regional and international matches with Panaon Island as sourced
through dedicated research and citizen science.
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Province. Three individuals were matched between
Panaon Island and Limasawa Island, across Sogod
Bay (Figure 1). Another individual was spotted at
both Panglao Island, Bohol Province, and at Oslob,
Cebu Province (P-464).

One individual, P-545, was released by a research
team for the Department of Environmental Biology
and Fisheries Science from the National Taiwan
Ocean University in Taiwan in May 2012 after
getting entangled in a net (Dr Hua Hsun Hsu,
pers. comm.). A year later it was identified in
Panaon Island, Southern Leyte, during the 2013
field season (6 April 2013). During this trip the
whale shark covered a minimum distance of 1600
km and this represents the first whale shark match
through photo-identification between two
countries in South-east Asia. The fastest journey
recorded in the region was covered by individual
P-428, which was first identified at Oslob, Cebu,
on 15 May 2012 and subsequently resighted at the
study site on 20 May 2012, covering a minimum
distance of 212 km in 5 days. Similarly, P-556 was
first identified at Panaon Island on 12 April 2013
and resighted at Oslob on 21 May 2013, covering
the distance in 9 days. The animal was last seen at
Oslob on 1 June 2013 and resighted again at
Panaon Island on 14 June 2013, covering a
minimum of 212 km in 13 days.

Residency and lagged identification rate

Model H (Table 1) had the lowest QAIC and largest
SLL, indicating the best fit to the data through

modelling emigration, reimmigration and
mortality. Estimates showed that whale sharks
visiting Panaon Island had a mean residency of
27.04 ± 8.46 SE (95% CI (14.36–44.30)) days.
The whale sharks spent a mean 41.96 ± 17.80 SE
(95% CI (24.08–90.57)) days outside the study
area, with a mean mortality or permanent
emigration rate of 0.0007212 ± 0.0002041 SE
(95% CI (0.0002108–0.0009620)). Estimates of
aggregation size indicated that a mean of 15.6 ±
1.7 SE (95% CI (12.9–19.3)) whale sharks were
present in the study site at any one time. The LIR
showed a rapid decrease from 1.0 day to a mean
of 88.0 days, and then continued to decrease over
time but never reached zero (Figure 6). The LIR
showed an increase between 256 and 511 days
(mean 369.7), and then again between 512 and
1023 days (mean 768.7) suggesting that some
whale sharks show periodicity at the study site
over time.

DISCUSSION

Panaon Island in Southern Leyte, Philippines, hosts
a considerable abundance of whale sharks with 93
individuals identified in 2013 and 2014. The
identified individuals were male biased (58%),
though a large percentage (28%) was of
undetermined sex. This limitation was due to the
nature of whale sharks occurring in the area,
where they primarily swim in the middle of the
water column (5.0–15.0 m depth) and currents
are strong. With a mean estimated total length of
5.72 m and no small (< 3.0 m) or large individuals
(> 9.0 m), the population structure appears to be
consistent with other coastal aggregations of
juvenile whale sharks around the world (Rohner
et al., 2015a). More importantly, this aggregation
off Panaon Island is similar to another
aggregation site across the Bohol Sea in Oslob,
Cebu (approx. 220 km south-west), where whale
sharks were primarily male with a mean LT of 5.5
m (Araujo et al., 2014). A considerable number of
individuals were observed with propeller scars
(45%), attributable to the coastal dwelling nature
of juvenile whale sharks, particularly in a country
where most communities live along the coastline
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Figure 6. Lagged identification rate (mean ± SE) for whale sharks at
Panaon Island, Southern Leyte. Model parameters included
emigration, reimmigration and mortality rate (Model H, Table 1).
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(Rowat and Brooks, 2012; Mamauag et al., 2013).
Araujo et al. (2014) reported similar scarring rates
at Oslob (47%), highlighting the high risk of boat
collision in the Philippines. It is therefore
advisable to limit the speed of travel by propeller
boats or create a propeller exclusion zone at the
high encounter rate area throughout the whale
shark season (Figure 5).

The 2013 season yielded a noteworthy number of
individually identified whale sharks (92), making it
the largest reported whale shark aggregation in
South-east Asia that year. This is considerable for
a single season when compared with other sites
such as the Maldives, where 64 individuals were
identified over 3 years, and Utila (Honduras)
where 95 individuals were identified over 12 years
(Riley et al., 2010; Fox et al., 2013). Fifty-seven
percent of whale sharks identified in the study area
were resighted at least once, with a maximum
number of resightings of 36 within the same
season. Furthermore, some sharks were resighted
regularly over the course of the entire 2013 field
season with a maximum intra-season span of 108
days, revealing that at least some individuals have
prolonged residency in this region. The 2013 peak
sightings were observed in April and May, which
suggests seasonality to the species’ occurrence at
the study site consistent with that reported at
Donsol (WWF-Philippines, unpublished data).
Interestingly, 94% of encounters happened along a
~5 km stretch at the southernmost part of Panaon
Island (Figure 5), making this a potential area of
conservation interest based on the data here
presented and anecdotal reports of whale sharks
from tour operators and fishermen. This area
appears to be of seasonal importance for the
species and comprehensive management should
focus on habitat conservation, as well as
mitigating potential threats such as vessel
collisions and entanglements.

In contrast to 2013, shark sightings were very low
during 2014. One individual was encountered on
February 9, and all the other 11 encounters took
place between 7 March and 19 March following a
local spawning event of sergestid shrimps,
suggesting that whale sharks might only be present
near shore or near the surface when food spawns
in the area. This fast response to food pulses also

suggests whale sharks are probably residing
nearby. However, most whale shark encounters
during the 2013 season were not during feeding
events, but rather with passively swimming
animals near shore. The reason for their
reoccurrence at Panaon Island therefore remains
unclear. Anecdotal reports from the local tour
operators and residents confirm the repeated
presence of whale sharks in the area year after
year. Future research should focus on the effects
of environmental variables on both shark
encounter rates and detectability. Notably, on 8
November 2013 tropical cyclone Haiyan (locally
named ‘Yolanda’) made landfall in the Philippines
at Leyte Island. This was the strongest storm ever
to make landfall in the Philippine archipelago,
with Leyte receiving 321 to 440 mm of rainfall in
just 3 days (6–9 November 2013; http: www.
pagasa.dost.gov.ph). This influx of fresh water
could have affected sea surface temperature and
local salinity, as well as prey availability for whale
sharks (Delcroix and Henin, 1991), and may
therefore have contributed to low shark sightings
in 2014.

Whale sharks aggregating at Gladden Spit,
Belize, at an offshore platform in Qatari waters,
and at Christmas Island, Australia, do so to feed
on spawning events of snapper, tuna and red crabs
respectively (Heyman et al., 2001; Meekan et al.,
2009; Robinson et al., 2013). However, the whale
sharks encountered in Cali-an Bay in March 2014
were feeding primarily on sergestid shrimps,
consistent with Motta et al. (2010), where surface-
feedings whale sharks fed on plankton mainly
composed of sergestids (57.2%). Similarly, Rohner
et al. (2015b) reported whale sharks targeting
dense patches of sergestids in Tanzania.
Preliminary observations of the chlorophyll-α
abundance appear steadily low at the study site
throughout the year, with slightly higher levels
between December and February, though during
the peak season for whale sharks (April-May-
June) it is absent (Cabrera et al., 2011).
Chlorophyll-α (remotely sensed for phytoplankton
concentration) is the primary indicator of the
phytoplankton–zooplankton food chain, thought
to be the whale shark’s primary food source
(Kumari et al., 2009; Rowat and Brooks, 2012).
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This could indicate that whale sharks encountered
at the study site could be feeding on deeper or
demersal biomass as suggested by Rohner et al.
(2013) when surface spawning events do not occur.

Citizen science proved to be a valuable research
tool. Through citizen science data, individual
whale sharks were matched at both regional and
international scales, as well as 14 newly identified
individuals. Consistent with Araujo et al. (2014),
whale sharks appear to use and move widely
across the Philippine Archipelago. The whale
shark’s migratory nature is well documented
(Eckert et al., 2002; Gifford et al., 2007; Hsu
et al., 2007; Brunnschweiler and Sims, 2011;
Berumen et al., 2014), though the use of photo-ID
to map and model its movements is lacking in
many regions including the Philippines. The results
here highlight the importance of photo-ID, and
how the general public can contribute to the
collection of data that can be used to inform
management planning and setting conservation
priorities. Citizen science should therefore be
encouraged, though careful and strict protocols
should be established to avoid disturbance to the
animals when trying to collect identification data
(Quiros, 2007; Dickinson et al., 2010). The
methodology should also be standardized to
improve the overall quality of the identification
data (e.g. missing dates or locations). The
involvement of the local communities can produce
better data and help raise awareness, as well as
provide an alternative livelihood for communities
involved in the tourism activities (Brunnschweiler
et al., 2014). Tour operators and tourists were also
briefed on how to appropriately collect
identification data, though researchers were
onboard to do so on such trips.

Thirty-two percent of individuals returned to
Panaon Island at least once in a different calendar
year, similar to that encountered at Utila,
Honduras (22%), Seychelles (28%) and Ningaloo,
Australia (35%) (Fox et al., 2013; Rowat et al.,
2011; Holmberg et al., 2009, respectively). The
relatively low resight rate would indicate a high
level of transience (68%) among this aggregation
or movements between depths, though the
majority of individuals were identified within a
single season (2013). Although this level of

transience is not suitable for standard mark–
recapture analysis, whale shark residency patterns
and site fidelity can be evaluated via the
likelihood-based methods developed by Whitehead
(2001) for opportunistic data. The lagged
identification rates for whale sharks at Panaon
Island fell dramatically between 1.0 and 88.0 days,
with a mean residency of c. 27 days. The LIR was
similar to those modelled at Utila (Honduras),
Gulf of California (Mexico) and for non-hand-fed
individuals at Oslob, Cebu, showing a steep
decline following initial identification and then
levelling off above zero after a longer time lag
(Ramírez-Macías et al., 2012; Fox et al., 2013;
Araujo et al., 2014). This would indicate that some
whale sharks are permanent residents or
reimmigrate into the area after certain time lags,
coinciding with the empirical identification data,
which shows the resighting of individuals at the
study site for up to 7 years. Estimated residency as
explored through LIR was similar to non-hand-fed
individuals at Oslob, Cebu, c. 23 days (Araujo
et al., 2014), and significantly higher than that at
Utila, Honduras where animals spent c. 12 days at
the study site (Fox et al., 2013). Residency was
also considerably lower than that of hand-fed
individuals at Oslob, underlying the behavioural
change introduced by provisioning activities and
the relevance of this study as a control site
(Araujo et al., 2014). Estimates of residency from
photographic identification are inherently biased
to opportunistically encountered whale sharks and
therefore partially dependent on effort. The
maximum likelihood approach used here is
designed to allow for this as a source of bias.

While care should be taken when interpreting
these results given that whale shark sightings
varied strongly between the two seasons in the
study, anecdotal reports from local citizens of
consistent year-to-year sightings at this site suggest
that 2014 may have been an anomaly and that
considerable numbers of sharks visit the area
repeatedly over time. Furthermore, given the high
level of fidelity to the site of the individuals
identified, this site may be a suitable target for
conservation initiatives aimed at preserving whale
shark habitats and minimizing the effects of
tourism activities on shark behaviour (Quiros,
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2007; Pierce et al., 2010). Such initiatives should
aim to mitigate some of the threats the species face
such as boat collision and entanglement. Creating
an exclusion zone for propeller-powered boats
during peak season, and regulating the use of nets
and long-lines has been proposed to the local
government units. Additional research is needed to
more thoroughly evaluate the factors driving
variation in whale shark densities and aggregation
dynamics in this and other coastal habitats. The
use of satellite telemetry would be a good way of
monitoring such factors and complementing
photo-ID, and has already been successfully used
on whale sharks at multiple locations such as the
Red Sea (Berumen et al., 2014), and on basking
sharks Cetorhinus maximus in Scotland (Witt
et al., 2014).

CONCLUSION

Whale sharks visiting Panaon Island in Southern
Leyte have a similar population structure to other
aggregations around the world, and some show
residency and reimmigration at the site year after
year. Photo-ID is a powerful research tool to
investigate the dynamics of these aggregations,
and here a considerable number of whale sharks
were identified in an area adjacent to historical
hunting grounds. Enlisting the public to conduct
citizen science by gathering identification data is a
method to broaden the scope of databases, when
assumptions are met and proper protocols and
education are instigated. Local communities can
also be included in data collection and help raise
awareness, as well as provide an alternative
livelihood through tourism. The whale shark is a
highly mobile species, and the long-distance
travelling here confirmed through photo-ID
highlights that their habitat use ranges over
thousands of kilometres. The connectivity
observed locally within the Philippines, and
internationally with Taiwan, suggest that the
species should be considered as one single stock,
although broader population studies are needed.
Conservation efforts should be introduced at
critical areas of high encounter rates with whale
sharks to reduce boat collision, fishery

interactions, and potential displacement as a result
of unregulated tourism. The present results will
support efforts to establish a national marine
wildlife interaction law. This law aims to address
unregulated tourism as a potential threat to
marine species including the whale shark. A
unified ordinance has also been approved by the
municipalities that comprise Sogod Bay, to reduce
the impact of illegal and destructive fishing
practices in the Bay, which includes the area of
high whale shark occurrence reported here. The
consequences of extreme climatic events remain
unclear, highlighting the need to further
investigate environmental parameters at the study
site and potential environmental drivers of
variation in whale shark sightings. With the use of
unmanned aerial vehicles a larger survey area
could be covered in search of whale sharks, as well
as potentially using acoustic telemetry to fully
understand the seasonality and local habitat use
by the species and the environmental parameters
they rely on. Satellite telemetry could also help
unravel the large-scale movements of this highly
mobile species.
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ABSTRACT
The whale shark Rhincodon typus was uplisted to ‘Endangered’ in the 2016 IUCN Red
List due to >50% population decline, largely caused by continued exploitation in the
Indo-Pacific. Though the Philippines protected the whale shark in 1998, concerns
remain due to continued take in regional waters. In light of this, understanding the
movements of whale sharks in the Philippines, one of the most important hotspots
for the species, is vital. We tagged 17 juvenile whale sharks with towed SPOT5 tags
from three general areas in the Sulu and Bohol Seas: Panaon Island in Southern
Leyte, northern Mindanao, and Tubbataha Reefs Natural Park (TRNP). The sharks
all remained in Philippine waters for the duration of tracking (6–126 days, mean
64). Individuals travelled 86–2,580 km (mean 887 km) at a mean horizontal speed
of 15.5 ± 13.0 SD km day�1. Whale sharks tagged in Panaon Island and Mindanao
remained close to shore but still spent significant time off the shelf (>200 m). Sharks
tagged at TRNP spent most of their time offshore in the Sulu Sea. Three of twelve
whale sharks tagged in the Bohol Sea moved through to the Sulu Sea, whilst two others
moved east through the Surigao Strait to the eastern coast of Leyte. One individual
tagged at TRNP moved to northern Palawan, and subsequently to the eastern coast
of Mindanao in the Pacific Ocean. Based on inferred relationships with temperature
histograms, whale sharks performed most deep dives (>200 m) during the night, in
contrast to results from whale sharks elsewhere. While all sharks stayed in national
waters, our results highlight the highmobility of juvenile whale sharks and demonstrate
their connectivity across the Sulu and Bohol Seas, highlighting the importance of the
area for this endangered species.

Subjects Animal Behavior, Conservation Biology, Ecology, Marine Biology
Keywords Ecology, Movement patterns, Telemetry, Satellite tagging, Endangered, Distribution,
Tubbataha, Connectivity

INTRODUCTION
The whale shark Rhincodon typus is the world’s largest fish. The species inhabits tropical
and sub-temperate waters, with seasonal aggregations across their range, usually associated
with high prey availability (e.g., copepods,Motta et al., 2010; sergestids, Rohner et al., 2015;
coral spawn, Holmberg et al., 2008). Most coastal aggregations are dominated by juvenile
male sharks (Norman et al., 2017), although Cochran et al. (2016) reported the first known
juvenile 1:1 male to female aggregation in the Red Sea. Recent observations from the

How to cite this article Araujo et al. (2018), Satellite tracking of juvenile whale sharks in the Sulu and Bohol Seas, Philippines. PeerJ
6:e5231; DOI 10.7717/peerj.5231

https://peerj.com
mailto:g.araujo@lamave.org
mailto:g.araujo@lamave.org
https://peerj.com/academic-boards/editors/
https://peerj.com/academic-boards/editors/
http://dx.doi.org/10.7717/peerj.5231
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.7717/peerj.5231


Galapagos, Qatar, St Helena and Baja California (Hearn et al., 2016; Robinson et al., 2017;
Clingham et al., 2016; Ramírez-Macías et al., 2017) have highlighted that adult sharks are
likely to have more pelagic habitat preferences than juveniles.

Work by Vignaud et al. (2014) suggested that whale sharks are genetically homogenous
within the Indo-Pacific. However, photographic-identification (henceforth photo-
ID) data from the global online database at Wildbook for Whale Sharks (http:
//www.whaleshark.org) has revealed little connectivity among Indo-Pacific aggregation
sites over short- to medium-term timescales (⇠20 years), with few demonstrated
movements between non-contiguous feeding areas (Norman et al., 2017). While
satellite telemetry studies have found whale sharks regularly cross international
boundaries (Eckert et al., 2002; Tyminski et al., 2015; Robinson et al., 2017; Rohner
et al., 2018), photo-ID data show that juvenile sharks, in particular, often have
a high inter-annual site fidelity to specific feeding areas (Norman et al., 2017).

The Philippines is a global hotspot of whale shark abundance, and the associated whale
shark tourism industry is important to the local economy. Whale shark tourism in the
Philippines started in Donsol, Sorsogon Province, where whale sharks aggregate seasonally
(Nov–Jun) to feed (Pine, Alava & Yaptinchay, 2007; Quiros, 2007). Donsol now receives up
to 27,000 tourists per season and, through dedicated photo-ID, over 500 individual sharks
have been identified to date (Wildbook for Whale Sharks, May 2018). Provisioning-based
tourism activity arose in late 2011 at Oslob, Cebu Province, which now attracts over 182,000
tourists a year,making it the largest whale sharkwatching destination in theworld (Thomson
et al., 2017). Over 350 individuals have been identified at the site, where whale sharks are
hand-fed daily through the year, since photo-ID started inMarch 2012 (Wildbook forWhale
Sharks, May 2018). Around 1,000 tourists visit Panaon Island, Southern Leyte Province,
per season to swim with the non-fed sharks in this area (Araujo et al., 2017b). Over 250
individuals have been identified at this site, typically associated with localised zooplankton
blooms that occur between October and June (Wildbook for Whale Sharks, May 2018).
Araujo et al. (2014); Araujo et al. (2017a)) elaborate on the connectivity between sites
in the Bohol Sea through photo-ID at dedicated study sites and through citizen science
contributions, though little connectivity has been observed between these areas and Donsol
(<1% of identified sharks) or Tubbataha Reefs Natural Park (TRNP) in the Sulu Sea (also
<1%). Through citizen science contributions and opportunistic research effort, over 74
individuals have been identified to date at TRNP (Wildbook for Whale Sharks, May 2018).

Whale sharks were targeted by fisheries in the Philippines, before national protection in
1998 (Alava et al., 2002), and in Taiwan into the mid 2000s (Hsu et al., 2007). An estimated
1,000 whale sharks were reportedly landed yearly in Hainan Province, China, alone (Li,
Wang & Norman, 2012). Pronounced declines in sightings and catches prompted the
inclusion of the species under Appendix II of the Convention on International Trade
in Endangered Species of Wild Fauna and Flora (CITES) in 2002, an ‘Endangered’
classification on the IUCN Red List of Threatened Species in 2016 (Pierce & Norman,
2016), and a listing on Appendix I of the Convention on Migratory Species (CMS)
in 2017. While these conservation tools can be effective for conserving elasmobranchs
(Simpfendorfer & Dulvy, 2017), implementation and enforcement of regulations often
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vary between countries (Li, Wang & Norman, 2012), posing challenges for a highly mobile
species like the whale shark.

International movements between Taiwan and the Philippines have been identified,
through satellite telemetry and photo-ID (Hsu et al., 2007; Araujo et al., 2017a), and
between the Philippines and Vietnam through satellite tracking (Eckert et al., 2002). The
relatively close proximity of the Philippines to whale shark aggregations in adjacent
countries (e.g., Cenderawasih Bay, Indonesia, Himawan et al., 2015), and to the major
fishery in the South China Sea (Li, Wang & Norman, 2012), mean that understanding whale
shark movements in the Philippines and Southeast Asia is essential to support effective
conservation efforts on a regional level. Here, we used tethered, near-real-time satellite
tags to explore the movements of juvenile whale sharks tagged in the Bohol and Sulu Seas
to evaluate inter-site connectivity and identify potential anthropogenic threats that may
affect sharks in this area.

METHODS
All work was performed in collaboration with the respective Regional Offices of the
Department of Environment andNatural Resources, theDepartment of Agriculture-Bureau
of Fisheries and Aquatic Resources and the Palawan Council for Sustainable Development
(Wildlife Gratuitous Permit 2017-13). All research in Tubbataha Reefs Natural Park was
done in collaboration with the Tubbataha Management Office.

Study sites
Whale sharks were tagged at three different locations (Figs. 1–3): (a: ‘‘Panaon Island’’)
Panaon Island has had ongoing whale shark tourism since 2006, and dedicated research
since 2013 (Araujo et al., 2017a). The whale shark ‘season’ is highly variable, with sightings
reported anytime between October and June (Araujo et al., 2017b). (b: ‘‘Mindanao’’)
Misamis Oriental and Surigao del Norte in northern Mindanao were chosen as tagging
locations following reports by fisherfolk on the occurrence of whale sharks in the area.
Few data are available from this region, though whale shark hunters once operated from
Talisayan in Misamis Oriental and in Salay, where ⇠100 individuals were landed per year
in the 1990’s (Alava et al., 2002), and where Eckert et al. (2002) tagged two whale sharks
in 1997. Both tagging sites are within the Bohol Sea, a rich ecosystem that reaches >2,000
m depth and hosts 19 species of cetaceans (Ponzo et al., 2011), marine turtles (Quimpo,
2013; Araujo et al., 2016), five species of mobulid rays (Rambahiniarison et al., 2016), and
in which whale shark movements have been confirmed through photo-ID (Araujo et al.,
2014;Araujo et al., 2017a). (c: ‘‘TRNP’’) Tubbataha Reefs Natural Park (TRNP) has been an
offshore no-take marine protected area (MPA) since 1988 and a UNESCOWorld Heritage
Site since 1993. Whale sharks were historically encountered occasionally in the park. There
was a substantial increase in the number of sightings in 2014, and the site was selected as
an additional tagging location.
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Figure 1 Tracks of whale sharks tagged in Panaon Island, Southern Leyte.
Full-size DOI: 10.7717/peerj.5231/fig-1

Photo-ID
Opportunistic whale shark surveys were conducted from small outrigger pumpboats
within 1 km from shore at Panaon Island and Mindanao. Upon encountering a whale
shark, a researcher entered the water and photographed the left flank of the animal, above
the pectoral fin and behind the gill slits, to identify the individual (see Arzoumanian,
Holmberg & Norman, 2005). The sex of the animal was confirmed by the presence (male)
or absence (female) of claspers in the pelvic region. Size was estimated relative to an
object of known length, such as swimmers or boats. Whale shark identification images
were then visually checked against a site-specific database and subsequently run through
the offline identification software I3S (http://www.reijns.com/i3s; Van Tienhoven et al.,
2007) containing the same database. Newly identified individuals were uploaded onto the
online database Wildbook for Whale Sharks (http://www.whaleshark.org) to assess global
connectivity. Whale sharks were encountered on SCUBA at TRNP. Dive teams of two or
three researchers drifted with the current at c. 15 m depth. Upon encountering a whale
shark, the animal was photo-identified, sexed and sized as described above.

Tagging
Wildlife Computers SPOT5 satellite tags (http://www.wildlifecomputers.com) were used
to track the movement of 17 whale sharks. Tags were tethered on a 1.8 m long, 3 mm
thick (240 kg breaking strain) Dyneema line. The line was attached to a titanium dart
(45⇥14⇥1.3 mm), which was inserted 10–20 cm into the subdermal tissue below the
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Figure 2 Tracks of whale sharks tagged in Surigao del Norte andMisamis Oriental, Mindanao.
Full-size DOI: 10.7717/peerj.5231/fig-2

dorsal fin using a Hawaiian sling. The tags’ positive buoyancy then allowed transmission
to the ARGOS satellite system when the shark was near the surface and the tag was exposed
to air. Daily transmissions were limited to 250 to maximise battery life (>180 d). Tags were
deployed in Panaon Island in April and November 2015, and in Mindanao in March and
April 2016 (Table 1), corresponding with known seasonality at these sites (see above). Tags
at TRNP were deployed in May 2015 based on regular sightings during the tourist season
(March to June). No antifouling agent was used on the tags due to a lack of availability.

Horizontal movements
Tag location transmissions have a location class (lc: 3, 2, 1, 0, A, B, Z, in decreasing
order of accuracy) associated with them. Locations transmitted before tag deployment,
and after the tag detached and floated, were removed. The latter situation was detected
through transmission of constant temperature histograms and earlymorning transmissions
(00.00–03.00 h) over five consecutive days (Hearn et al., 2013). Locations on land (10.7%
of total transmissions) were removed by extracting bathymetry data from the ETOPO
dataset (Amante & Eakins, 2009) for each location, using the xtractomatic package in
R (Mendelssohn, 2017). The bulk of remaining transmissions (69%) were from the less
precise lc: B and A. The Douglas filter (Douglas et al., 2012) was applied to evaluate the
most probable track. The filter removed unrealistic locations based on the error associated
with the ARGOS location class. The filter was set to include all locations with a lc �1
and used the maximum redundant distance (MRD) method (Douglas et al., 2012) with a
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Figure 3 Tracks of whale sharks tagged in Tubbataha Reefs Natural Park, with park boundaries in or-
ange.

Full-size DOI: 10.7717/peerj.5231/fig-3

maximum redundancy of 10 km. The filter removed 158 locations—14% of the data—but
kept some B and A locations that had a relatively larger error radius. The filtered tracks
were used in all subsequent analyses. Tracks were plotted in QGIS (QGIS Development
Team, 2017; http://qgis.osgeo.org) and track distances calculated as the sum of straight-line
horizontal distances between consecutive locations, therefore representing the minimum
possible distance the sharks swam. No interpolation was done.

Time-at-temperature histograms
Tags recorded temperature in 12 pre-defined bins, <0 �C, 0–5 �C, 5–10 �C, 10-15 �C
and then every 2.5 �C between 15 �C and 32.5 �C, and >32.5 �C. The temperature was
measured every 10s and integrated over two time periods per day (night = 18:00–6:00; day
= 6:00–18:00). These bins were used to calculate time-at-temperature (TAT) histograms.
There were gaps in the TAT timeseries because tags only transmitted data on 39% of
tracking days overall. Those gaps were not plotted, and therefore the x-axes of TAT plots
are chronological but not continuous.

RESULTS
Photo-ID
All 5 sharks tagged at TRNP (Table 2) were new to the Philippine database at the time of
tagging. Only one (P-813) was resighted at TRNP, the day after tagging, by a citizen scientist
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Table 1 Satellite tracking details for all 17 whale sharks tagged in the Sulu and Bohol Seas, Philippines. Satellite track details, with tag number, shark ID (http://www.
whaleshark.org), sex, estimated total length (TL), deployment and last transmission dates, tracking duration, number of transmitting days, overall track distance, mean
speed and the number of positions per transmitting day.

Tag Shark Sex TL
(cm)

Location Deployment
date

Last
location

Tracking
duration
(d)

Transmitting
days

Distance
(km)

Speed
(km d�1)

Positions per
transmitting
day

142218 P-904 M 450 Panaon Island 17-Nov-15 03-Mar-16 108 60 1,538 14.2 2.3
142219 P-970 F 650 Mindanao 07-Apr-16 23-Jun-16 78 42 1,661 21.3 2.2
142220 P-905 M 500 Panaon Island 18-Nov-15 01-Mar-16 105 38 2,580 24.6 2.4
142222 P-791 M 600 Mindanao 07-Apr-16 24-May-16 48 24 459 9.6 2.8
142224 P-955 F 700 Mindanao 19-Mar-16 01-May-16 44 12 314 7.1 2.3
142225 P-818 M 550 TRNP 22-May-15 03-Sep-15 105 45 2,024 19.3 2.4
142227 P-971 M 450 Mindanao 07-Apr-16 29-Apr-16 23 17 309 13.4 2.4
142228 P-926 M 500 Mindanao 19-Mar-16 17-Jun-16 91 28 426 4.7 2.5
142229 P-909 UK 550 Panaon Island 18-Nov-15 12-Jan-16 56 20 178 3.2 1.9
142231 P-821 M 600 TRNP 23-May-15 28-Jul-15 67 49 2,320 34.6 2.8
142232 P-430 M 550 Panaon Island 10-Apr-15 01-Jun-15 53 9 149 2.8 1.0
142233 P-493 M 500 Panaon Island 09-Apr-15 17-Jun-15 70 15 472 6.7 2.6
142235 P-813 F 450 TRNP 17-May-15 14-Jul-15 59 22 1,493 25.3 2.6
142236 P-814 UK 600 TRNP 17-May-15 01-Jun-15 16 14 764 47.8 2.5
142237 P-816 M 550 TRNP 20-May-15 25-May-15 6 3 145 24.2 1.7
142238 P-491 M 600 Panaon Island 24-Nov-15 28-Mar-16 126 12 163 1.3 2.2
142239 P-532 F 600 Panaon Island 16-Nov-15 14-Dec-15 29 11 86 3.0 1.6

Maximum 126 60 2,580 47.8 2.8
Minimum 6 3 86 1.3 1.0
Mean 63.76 24.76 887.12 15.5 2.2
S.D. 34.96 16.32 851.90 13.0 0.5
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Table 2 Tagging location and resightings across different sites in the Sulu and Bohol Seas , as con-
firmed through photo-ID.

Shark
ID

Date 1st
identified

Location 1st
identified

Date of
tagging

Location of
tagging

Last date
sighted

Location last
sighted

P-904 17-Nov-15 Panaon Island 17-Nov-15 Panaon Island
P-970 07-Apr-16 Mindanao 07-Apr-16 Mindanao
P-905 18-Nov-15 Panaon Island 18-Nov-15 Panaon Island 20-Dec-15 Panaon Island
P-791 25-Mar-15 Panaon Island 07-Apr-16 Mindanao
P-955 19-Mar-16 Mindanao 19-Mar-16 Mindanao
P-818 22-May-15 TRNP 22-May-15 TRNP
P-971 07-Apr-16 Mindanao 07-Apr-16 Mindanao
P-926 07-Dec-15 Panaon Island 19-Mar-16 Mindanao
P-909 18-Nov-15 Panaon Island 18-Nov-15 Panaon Island
P-821 23-May-15 TRNP 23-May-15 TRNP
P-430 03-May-12 Oslob, Cebu 10-Apr-15 Panaon Island 30-Nov-17 Panaon Island
P-493 28-Feb-13 Panaon Island 09-Apr-15 Panaon Island 02-Jan-16 Panaon Island
P-813 17-May-15 TRNP 17-May-15 TRNP 18-May-15 TRNP*

P-814 17-May-15 TRNP 17-May-15 TRNP
P-816 20-May-15 TRNP 20-May-15 TRNP
P-491 25-Feb-13 Panaon Island 24-Nov-15 Panaon Island 03-Dec-15 Panaon Island
P-532 07-Apr-13 Panaon Island 16-Nov-15 Panaon Island 10-Jan-16 Panaon Island

Notes.
*From citizen science.

(Wildbook forWhale Sharks, February 2018). Two of the whale sharks tagged inMindanao
(P-791 and P-926) were first identified in Panaon Island in March and December 2015,
respectively. No other tagged whale sharks in Mindanao were resighted. Individual P-491
was first identified in Panaon Island in February 2013 and was resighted in December 2015
(post-tagging). P-493 was first identified in Panaon Island inMarch 2013 and was resighted
again in Panaon Island in November and December 2015, following tag detachment in
June of that year. Shark P-430 was first identified in Oslob, Cebu, in March 2012. The shark
was highly resident to the provisioning site (see Araujo et al., 2014), and was subsequently
first identified at Panaon Island when it was tagged in April 2015. The shark was resighted
back at Oslob in July 2016, and last seen in Panaon Island in November 2017. Individual
P-532 was first identified in Panaon Island in March 2013 and tagged on November 16th
2015. The shark was resighted there again in January 2016 following tag detachment. Whale
shark P-904 was tagged when first identified in November 2015 and subsequently resighted
tethering the tag in December 2015. The other 2 whale sharks tagged in Panaon Island were
not resighted again.

Tagging, track duration and distances
Tagged whale sharks were all juveniles, with a mean estimated length of 5.6 m (±0.7
m S.D.) and ranging from 4.5 to 7 m (Table 1). Most of the tagged sharks were males
(73%). Whale sharks at Mindanao and TRNP were not resighted post-tagging, but three
individuals were resighted at Panaon Island while the tags were still attached. No obvious
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tagging-related damage was observed on the animals (G Araujo, pers. obs., 2015). Tracks
ranged from 6–126 days, with a mean ± SD of 64 ± 35 d. The tags transmitted locations
on 39% of possible days, with a mean of 25 transmitting days per track, and a mean 2.2
transmissions per transmitting day. Whale shark track lengths ranged from 86 to 2,580 km
in length, with a mean of 887 km. Mean horizontal speed was 15.5 km day�1.

Horizontal movements
All whale sharks stayed in the Philippines over the tracking duration. None had been
subsequently identified in other countries as of February 2018. Seven sharks tagged at
Panaon Island transmitted most frequently from around the tagging location (Fig. 1).
Two sharks (P-904 and P-905) moved into the central Sulu Sea after having been tagged
on consecutive days. Four of the Panaon Island sharks crossed the nearby Surigao Strait
to the eastern coast of Leyte Island, and south of Siargao Island. Whale sharks tagged off
Mindanao transmitted most frequently from the southern Bohol Sea, and none crossed
the Surigao Strait (Fig. 2). One of the five sharks (P-970) swam into the Sulu Sea, while
two others crossed the Bohol Sea, with P-926 swimming to Sogod Bay in Southern Leyte,
and P-971 swimming to Bohol (Fig. 2). Whale sharks tagged at TRNP stayed in the Sulu
Sea, with the exception of P-813 that transmitted from northern Palawan and then lost
its tag in the Pacific Ocean off eastern Mindanao following 20 days of no transmissions
(Fig. 3). Temperature histograms going back to six days prior to tag detachment clearly
indicate that this tag was still attached to the shark while it was in transit, but the tag did
not transmit a location over that period. We assume the shark swam through the Sulu
and Bohol Seas into the Pacific. Sharks did not spend extended periods of time within the
TRNP, with most locations transmitted from the shelf in the north of Palawan and from
the shelf edge off Borneo within the Sulu Sea (Fig. 3).

Time-at-temperature
There were 970 time-at-temperature records for all tags combined. Sharks utilised all
temperature bins excepting the coldest (<0 �C). Whale sharks spent the majority (74.2%)
of their time in 25–30 �C water, followed by the 30–32.5 �C (11.6%) bin (Fig. 4). Overall,
5.8% of their time was spent in <20 �C, but there were marked diurnal differences. Sharks
only spent 2.1% of the daytime in colder water (<20 �C), but this increased to 9.6% at
night (Fig. 4).
Vertical movements, as inferred from TAT time-series, varied widely among individuals

(Supplementary Information for all plots). Broadly, sharks spent more time at cooler
temperatures when they were off the continental shelf, and during the night rather than
during the day. As an example, shark P-818 (Fig. 5) was tagged in TRNP, and spent the
first 4 weeks in the central Sulu Sea where it regularly dived into deeper (cooler) water,
especially at night. It then spent the next three months at the continental shelf edge and on
the shelf off Borneo, where ventures into cooler temperatures were infrequent (Fig. 5).

Bathymetric depth at transmission locations ranged from 1–8, 739 m depth. 26% of
all locations came from shallow shelf waters, <200 m deep. 34% of all locations were
from locations over >1,000 m depth. Regional differences were observed, with 20% of
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Figure 4 Time-at-temperature histograms for all whale shark tags combined, with (A) overall results,
(B) daytime observations (6 am–6 pm) and (C) nighttime observations.

Full-size DOI: 10.7717/peerj.5231/fig-4

locations from shelf waters for sharks tagged at Panaon Island, compared to 29% from
both Mindanao and TRNP sharks.

DISCUSSION
The tagged juvenile whale sharks all remained within the Philippines over the duration of
tracking. They were, however, highly mobile, moving between the Sulu and Bohol Seas, and
between the Sulu Sea and Pacific Ocean. Although juveniles had an affinity to coastal areas,
they still spent 74% of their time offshore over deep water >200 m. Some whale sharks
displayed both short-term site fidelity to their respective tagging areas, with transmissions
received over consecutive days following tagging, and longer-term site fidelity was also
demonstrated through photo-ID for some individuals. While national protection in the
Philippines reduces the risk of direct anthropogenic threats to these sharks, a lack of
information on female and mature sharks makes the population-level connectivity of
whale sharks in Southeast Asia difficult to ascertain without the aid of other techniques,
such as genetics and genomics.

Broad-scale habitat use
Whale sharks tagged in Panaon Island spent consecutiveweeks in the surrounding area, with
two sharks swimming to Mindanao and/or Bohol before returning to the site. Photo-ID
has previously shown that whale sharks reside a mean c. 27 days at Panaon Island, Southern
Leyte (Araujo et al., 2017a) highlighting its importance as a habitat for the species. Whale
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Figure 5 Time-at-temperature time-series for shark P-818 that was tagged in TRNP and spent its en-
tire track within the Sulu Sea. (A) is the entire histogram data, with a chronological x-axis, (B) has a con-
tinuous x-axis to illustrate the gaps in TAT data, (C) are all histograms from the daytime, and (D) are all
histograms from the nighttime.

Full-size DOI: 10.7717/peerj.5231/fig-5

sharks’ use of the Bohol Sea may relate to primary productivity (Thomson et al., 2017).
Three whale sharks tagged in the Bohol Sea moved west into the Sulu Sea. A further two
moved east to the eastern coast of Leyte and through the Surigao Strait. Although these
movements occurred in April and May, when regional productivity typically remains
relatively high (Cabrera et al., 2011; Stewart et al., 2017), the broad movement of these
sharks suggests they were searching for further foraging opportunities in surrounding
areas.

TRNP comprises two atolls and a smaller reef system, all of which are adjacent to
deep oceanic waters. Individual P-970 (6.5 m female), originally tagged in Mindanao,
transmitted from TRNP before making an almost complete change in direction of travel,
swimming back towards Mindanao when the tag detached. Through photo-ID and citizen
science contributions, which are high during TRNP’s tourism season between March and
June, it appears that whale sharks are transient to TRNP as they are rarely resighted within
the same season (Wildbook for Whale Sharks, May 2018). The presence of whale sharks
at TRNP could be linked to foraging—or cleaning, as has been documented in Malpelo
Island, Colombia (Quimbayo et al., 2017)—though neither activity has been reported to
date, despite the consistent presence of liveaboard dive vessels. It is plausible that TRNP
is used as a navigational waypoint by whale sharks travelling through the Sulu Sea, as
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previously suggested by Acuña Marrero et al. (2014) for Darwin Arch in the Galapagos
Islands. The TRNP atolls rise from deep water (4,000 m <15 km from shore) and, together
with the Cagayancillo Islands, represent some of the only land masses between Mindanao,
Negros Island, and Palawan Island. Although the whale shark’s ability to navigate using the
earth’s magnetic fields remains poorly-understood, it has been explored in other species
(Rowat & Brooks, 2012), and it has been suggested as a possible driver of extreme dives in
whale sharks (>1,000 m; Brunnschweiller et al., 2009; Tyminski et al., 2015). However, this
phenomena, and the reason for their occurrence at TRNP, remain unclear.

Whale sharks spent little time (5.8%) in cooler (<20 �C) waters. The majority of their
time was spent in the epipelagic zone based, on time-at-temperature (TAT) recordings.
The Sulu Sea reaches a min. temperature of 9.9 �C at ⇠400 m, slightly cooler than the
Bohol Sea’s 11.6 �C (Gordon, Sprintall & Ffield, 2011). Whale sharks’ TAT histograms
show they dived into these cooler waters most frequently during the night, a reverse
of the pattern observed in Mozambican whale sharks (Rohner et al., 2018). Dives in the
upper few hundred meters are likely to relate to foraging, as whale sharks are thought to
feed on meso- and bathypelagic zooplankton and fishes (Graham, Roberts & Smart, 2006;
Brunnschweiller et al., 2009; Rohner et al., 2013). These prey species undergo daily vertical
migrations, staying in dark waters at depth during the day and moving towards the surface
during the night to forage (Brierley, 2014). Broadly sympatric mobulids capitalise on this
behaviour and forage on euphausiids in the Bohol Sea during the night near the surface
(Rohner et al., 2017). Why whale sharks appear to display a reverse pattern is unclear,
and could benefit from a specific investigation through the use of archival tags capable of
recording temperature and depth time series, as well as body position and acceleration, to
provide more information on their behaviour.

Ontogenetic habitat use
Recent tracking evidence from Baja California revealed preference by juveniles to coastal
areas, whereas adults might have a stronger association with offshore habitats (Ramírez-
Macías et al., 2017), supporting observations by Ketchum, Galván-Magan̄a & Klimley
(2013). Whilst this would support the general understanding as to why coastal aggregations
are mostly juvenile dominated (Rowat & Brooks, 2012), the nature of why juveniles use
offshore habitats warrants further investigation. Juveniles tagged at TRNP, located at least
150 km from the nearest major landmass, spent most of their time offshore. Contrastingly,
whale sharks in Donsol, a mostly mature aggregation (53% of males are mature) and
where whale shark pups were seen (Aca & Schmidt, 2011), are found in coastal and shallow
waters seasonally, displaying strong inter-annual philopatry to the site (Wildbook for
Whale Sharks, May 2018). Juveniles in the present study did spend part of their time in
the open ocean, as observed elsewhere (e.g., Robinson et al., 2017), suggesting whale sharks
use different habitats regardless of developmental stage and are perhaps more influenced
by foraging opportunities not fitting the traditional ‘shark nursery’ concept for juveniles
(Heupel, Carlson & Simpfendorfer, 2007), which likely occurs at the neonate stage for whale
sharks (Rowat & Brooks, 2012).
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CONCLUSIONS AND CONSERVATION IMPLICATIONS
Satellite tagging of juvenile whale sharks in the Sulu and Bohol Seas has shed light into their
short-term habitat use, over a mean of 64 days. The Sulu and Bohol Seas are an important
habitat for whale sharks, with over 500 individuals identified to date in this region
(Wildbook for Whale Sharks, February 2018) and where >700 individuals were harvested
between 1991 and 1997 (Alava et al., 2002). These Seas fall under the Sulu-Sulawesi Marine
Ecoregion and are central to theCoral Triangle Initiative (Secretariat CTI, 2009;ADB, 2011).
Therefore, identification of threats and mitigation strategies here must be a conservation
priority for the species given the historical and present population-level threats in the
region, in line with the Convention on Migratory Species of the United Nations Concerted
Actions for whale sharks passed in October 2017 (UNEP/CMS/Concerted Action 12.7,
2017).

This study has shown that juvenile sharksmove quickly andwidely through theBohol and
Sulu seas. Further work is underway to elucidate presence, seasonality and contemporary
threats to whale sharks in the north Sulu Sea and southern Bohol Sea to complement
the results presented herein. Targeted whale shark fisheries existed in these areas into
the 1990s. Coupled with the Chinese fisheries operating in the broader region, and the
established connectivity between the Philippines and Taiwan, it is imperative to monitor
this population as a whole to understand if this population is in recovery, or continuing
to decline. We recommend the use of longer-term satellite telemetry and molecular tools
to address this key knowledge gap in Southeast Asia, and to strengthen international
collaboration between and within East Asian and CTI countries.
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Donsol in the Philippines is the longest running community-based whale shark

(Rhincodon typus) ecotourism site in Southeast Asia, with peak visitation in 2012 of over

27,000 tourists. In order to understand this aggregation and the importance of the area to

whale sharks, dedicated photographic identification (photo-ID) research began in 2007.

In-water photo-ID surveys were conducted from tourism boats, weather and operator

permitting, from December to June between 2007 and 2016. Visual matches of the

unique spot patterns of each individual shark were validated by the pattern-recognition

software Interactive Individual Identification System (I3S), and on the online database

Wildbook for Whale Sharks (www.whaleshark.org). A total of 1,985 photo-ID trips over

895 survey days resulted in 6,786 encounters with R. typus. Combined with encounters

from both dedicated research and citizen science dating back to 1998, 479 individual

whale sharks were identified, making up 44% of the known whale shark population in

the Philippines (n = 1,095). Of these, photographs of the pelvic region confirmed the

sex for 158 males and 22 females. Visual size estimates ranged from 2 to 10m (mean

± SD = 6.5 ± 1.6m). Maturity in males (LT50) was estimated at 6.8 ± 0.2m total length,

with 53% of males considered mature. Annually, the total number of individuals sighted

varied between 15 and 185 (mean ± SD = 104 ± 55.53), with a recruitment of 3–90

new individuals yearly (mean± SD = 46.8 ± 36.29). Modeled residency using maximum

likelihood methods suggested whale sharks spent 49.8± S.E. 14.5 [95% CI (32.3–78.6)]

days in Donsol each season, with 47.1–60.8 whale sharks at any one time during the

season. Twenty individuals were recorded through photo-ID at other sites across the

Philippines. The extended residency of whale sharks at Donsol, paired with the presence

of sexually mature animals and the economic value of the tourism industry, highlights the

importance of Donsol for this endangered species.
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INTRODUCTION

The whale shark, Rhincodon typus Smith 1828, a large
planktivorous elasmobranch, is found in tropical and warm-
temperate waters worldwide (Rowat and Brooks, 2012). The
largest of the shark species, whale sharks are highly mobile (e.g.,
Wilson et al., 2006; Sleeman et al., 2010; Berumen et al., 2014;
Robinson et al., 2017), but form predictable seasonal aggregations
in hotspots around the world, predominantly associated with the
presence of food (e.g., Motta et al., 2010; Robinson et al., 2013;
Rohner et al., 2015a). Some whale sharks display a degree of
site fidelity on an annual and inter-annual basis (Graham and
Roberts, 2007; Holmberg et al., 2008; Fox et al., 2013; Araujo
et al., 2017), and this predictabilitymakes the whale shark an ideal
target species for wildlife tourism (Catlin and Jones, 2010; Rowat
and Brooks, 2012).

Historically, the Philippines was home to targeted whale
shark fisheries with two major landing sites in the Bohol Sea,
though more sites were reported extending through the Sulu
Sea and southern Mindanao (Alava et al., 1997). In Donsol, a
municipality in Sorsogon province, hunting did not traditionally
occur. However, publicity about a large aggregation led to the
fishing of at least six individuals in 1997 (Yaptinchay, 1999). In
response, the municipal waters of Donsol were declared a whale
shark sanctuary, and this was soon followed by a national ban on
whale shark hunting, imposed in 1998 (FAO, 193, Department of
Agriculture-Bureau of Fisheries and Aquatic Resources). Due to
depletion of whale shark populations noted in the Indo-Pacific,
the category of the species was upgraded to “Endangered” (Pierce
and Norman, 2016), as well as being included in Appendix I of
the Convention onMigratory Species in 2017 and in Appendix II
of the Convention on International Trade of Endangered Species
in 2003. China is known to still catch whale sharks through
unregulated fisheries, many caught in the South China Sea (Li
et al., 2012), an area that whale sharks from Taiwan and the
Philippines visit (Hsu et al., 2007; WWF-Philippines, Unpub.
data). Despite regulations and bans on direct hunting in several
countries, the late onset of sexual maturity (Bradshaw et al., 2007)
hinders population recovery and leaves whale sharks susceptible
to overexploitation and anthropological impacts (Bradshaw et al.,
2008).

Different techniques can be employed to assess the status
of whale shark populations. Photo identification (henceforth
photo-ID) is a minimally invasive tool for mark-recapture
studies that relies on time-stable markings on animals so
that they can be distinguished amongst other individuals
in a population. This technique has been employed across
different marine taxa, such as with the facial scutes of green
turtles Chelonia mydas (e.g., Schofield et al., 2008), the dorsal
fins of cetaceans (e.g., Hammond, 1990) or the natural spot
patterns of manta rays Mobula alfredi (e.g., Marshall et al.,
2011). Whale sharks have unique spot patterns on their
bodies that allow for minimally invasive mark-recapture studies
through photo-ID (Arzoumanian et al., 2005). It is an effective
research technique for population demographics, and has been
successfully employed in all sites at which they aggregate
(Norman et al., 2017). Given the slow, surface-dwelling nature

of the whale shark, photos of individuals captured by tourists has
made citizen science contributions an active part of their research
and conservation (e.g., Araujo et al., 2016; Norman et al., 2017).
The use of an online-based tool, Wildbook for Whale Sharks
(www.whaleshark.org), enables the comparison of identification
data on a global scale.

Whale shark aggregations worldwide are mostly dominated
by juvenile males (e.g., Meekan et al., 2006; Rowat et al., 2007,
2009; Riley et al., 2010; Ramírez-Macías et al., 2012a,b; Araujo
et al., 2014, 2016; Himawan et al., 2015; Rohner et al., 2015b;
McKinney et al., 2017). Few aggregations dominated by adults
have been identified to date, namely the Galapagos Islands
(Acuña-Marrero et al., 2014), St. Helena Island (Clingham et al.,
2016) and the Revillagigedo Islands off Baja California (Ramírez-
Macías et al., 2012b), and a large proportion of adults has been
reported at an offshore aggregation in Qatar (Robinson et al.,
2016) and in the mid-equatorial Atlantic off Brazil (Macena
and Hazin, 2016). Some evidence exists that adults spend most
of their time in the open ocean (Ramírez-Macías et al., 2017),
which might explain why coastal sites tend to be juvenile
dominated. Norman and Stevens (2007) reported size at maturity
(TL50) of 8.1m at Ningaloo Reef in Western Australia using a
rope of known length, whereas Rohner et al. (2015b) reported
9.2m inMozambique using paired-laser photogrammetry. Other
studies have also used photogrammetry and visual estimates
to determine maturity in males (Qatar, 7.3m, Robinson et al.,
2016; Gulf of Mexico, c. 7.0m, Ramírez-Macías et al., 2012b,
respectively), yet concerns remain about the inaccuracy of
such approaches (see Sequeira et al., 2016). Caution should
therefore be taken when using these approaches to determine
the demographics of whale shark aggregations. Maturity in
females is believed to occur at around 9.0m based on visual
and photogrammetry estimates of visibly pregnant individuals
(Ramírez-Macías et al., 2012b; Acuña-Marrero et al., 2014), yet
it is difficult to determine maturity externally in the absence of
pregnancy.

Here, we use photo-ID data collected by our team from 2007
to 2016, along with data uploaded to Wildbook for Whale Sharks
from citizen science since 1998 to describe the aggregation of
whale sharks at Donsol, Sorsogon, Philippines.We usemaximum
likelihoodmethods to estimate their residency patterns, mortality
rate and permanent emigration, and an open population model
to estimate their population size. We discuss how these results fit
into our current understanding of this endangered species and
how Donsol might be a unique and important site for whale
sharks.

MATERIALS AND METHODS

Study Site
The municipality of Donsol, province of Sorsogon, is located
in the south-eastern tip of Luzon Island (Figure 1). Bordered
by 11 coastal barangays, the municipal waters of Donsol span
27,780 hectares (Pine et al., 2007), situated at the mouth of
the Donsol and Ogod rivers, and on the edge of the Burias
Pass, a waterway that reaches >500m leading to the Ragay Gulf
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FIGURE 1 | Map of the Philippines (A) and study site (B). Dots represent individual whale shark sightings during surveys between 2007 and 2016, whereas colors

represent the different years in which they were sighted.

with water from the Pacific Ocean entering through the San
Bernardino Strait (Calumpong et al., 2013). Whale shark tourism
started in 1998 with 900 visitors and rose to over 27,000 visitors in
2012 (Local Government Unit, Donsol). Tourists board outrigger
boats, locally called bangkas, and go out on 3 h tours in search of
whale sharks along the coastline. A maximum of six tourists are
allowed per boat with a maximum of 30 boats allowed out at any
one time.

Photographic-Identification
Dedicated photographic-identification data collection was
started by WWF-Philippines researchers and volunteers in 2007
and was complemented by LAMAVE researchers in 2015 and
2016. In-water work was conducted in collaboration with, and
under permit from, the Local Government Unit of Donsol and
the Department of Agriculture-Bureau of Fisheries and Aquatic
Resources, under whose management the whale shark falls,
following international standards for whale shark photo-ID
procedures.

Researchers boarded tourist vessels daily during the season,
weather and availability permitting. Effort was based on previous
days’ sightings in the vicinity, and researchers only went out
when tourists did. Although this altered effort, generally if there
were no sharks in the area, there were no trips. When two

researchers overlapped with the same individual whale shark, one
left the water to avoid doubling effort and unnecessary potential
disturbance. Vessels haphazardly searched Donsol waters to find
whale sharks at the surface between the months of November and
June (Table 1). Once sighted, researchers entered the water and
collected photo-ID data. Photos of the left flank of the animal
were prioritized. Only identification images of the left flank were
used to confirm an individual whale shark and used in the present
study. Photos of the right flank of the animals were also taken
where possible to further confirm the identity of an individual,
where a left flank identification existed.

Size Estimates
Turbidity in Donsol (normally 2–4m visibility) hinders the
use of stereo-photogrammetry or paired laser-photogrammetry
(Authors, pers. obs.). We therefore recorded visual estimates
in 0.5m increments of the total length (LT) of each individual
after each encounter, although this method holds a degree of
error (Rohner et al., 2011; Sequeira et al., 2016). Researchers
used boats and swimmers of known lengths to estimate the size
of the animals. Given the longitudinal nature of the dataset
and variability in size estimates from multiple researchers, we
discarded intra- and inter-seasonal size estimates that differed by
>2.5m for individual whale sharks (n= 44), based on maximum
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TABLE 1 | Survey effort, encounter and identification rates of whale sharks in Donsol from 2007 to 2016.

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 Total

Days out 34 100 128 115 98 91 25 57 89 158 895

Surveys 54 253 269 182 177 236 103 120 171 420 1985

Encounters 313 1067 1090 695 572 436 53 174 664 1722 6786

Encounter rate 5.80 4.22 4.05 3.82 3.23 1.85 0.51 1.45 3.88 4.10

No. sharks identified 100 139 185 184 103 77 15 37 89 118

Identification rate 1.85 0.55 0.69 1.01 0.58 0.33 0.15 0.31 0.52 0.28

New to database 100 79 90 77 27 14 3 7 35 35

Re-sights 0 60 95 107 76 63 12 30 54 83

Cumulative population 100 179 269 346 373 387 390 397 432 467 467

growth estimates (Rowat and Brooks, 2012). To ensure this did
not discard larger sharks only, we tested the relationship between
visual estimate differences (2–10m) and mean LT and found it to
be not significant (r2 = 0.038, p > 0.05). We thus used the mean
size over multiple encounters.

Photographs of the pelvic region were used to identify the sex
based on the presence (male) or absence (female) of claspers, and
sex was only assigned to an individual when a clear photo of the
pelvic region was available. Males were considered mature when
claspers extended beyond the pelvic fins and had a cauliflower
appearance (Norman and Stevens, 2007; Rohner et al., 2015b).
The total length at which 50% of males were considered mature
(LT50) was calculated using a Generalized Linear Model (GLM)
with a binary logit function. Scars on individuals were also
photographed where possible, and their origin determined based
on Speed et al. (2008) and Araujo et al. (2016) to identify potential
anthropogenic pressures on the whale sharks visiting Donsol. All
statistical analyses were done in program R 3.2.1 (R Core Team,
2014).

Whale sharks were visually matched against a library of
images from the Donsol region and confirmed by a second
researcher before being inputted into a presence spreadsheet.
The software I3S (Van Tienhoven et al., 2007) was used to
create a virtual fingerprint for every individual, and further
confirm the identity of an individual. All whale shark encounters
between 2007 and 2016, and any newly identified individuals,
were uploaded onto the online open database Wildbook for
Whale Sharks (www.whaleshark.org) to further confirm identity
and check if that individual had previously been sighted
elsewhere.

Citizen Science
Submissions from the public onto Wildbook for Whale Sharks
were also run against a localized I3S database to confirm identity,
date and location. Newly reported sightings were then added
to the presence spreadsheet when the date and location were
confirmed. These data were used to model residency and lagged
identification rate (see below) as this modeling approach uses
sightings data to determine effort (Whitehead, 2007). Donsol
whale sharks identified elsewhere and submitted to Wildbook for
Whale Sharks are also reported herein.

Residency, Lagged Identification Rate and
Population Estimates
Maximum likelihood methods were used to estimate residency
times of whale sharks at Donsol using program SOCPROG
2.7 (Whitehead, 2009). We calculated the lagged identification
rate (LIR), defined as the probability that an individual will
be resighted in Donsol after a certain time lag (Whitehead,
2001), using the “Movement” module of the software. Eight
models (Table 2), using a combination of preset parameters that
test for closed and open population models, including various
combinations of emigration, reimmigration and mortality, were
used to test the empirical dataset. The quasi-Akaike information
criterion (QAIC) was used to evaluate each model’s goodness of
fit and account for over-dispersion of data (Whitehead, 2007).
The best-fit model (Model H, Table 2) was bootstrapped for
100 repetitions to estimate standard errors and 95% confidence
intervals (Buckland and Garthwaite, 1991).

We applied an open-population Jolly-Seber model (Schwarz
and Arnason, 1996) using the POPAN option in programMARK
(White and Burnham, 1999). For this model, only captures
and recaptures from February, March, April and May were
used, as effort was consistent throughout these months between
years. The model uses t capture occasions (10 here) to calculate
capture probability (p), t-1 to estimate apparent survival (φ),
probability of entry into the population per occasion (β), and
super-population size (N). The model was fitted with a logit link
function to avoid convergence (White and Burnham, 1999). Only
N was estimated, as other parameters were not central to the aim
of this study.

RESULTS

Population Structure
A total of 479 individual whale sharks were identified in
Donsol, representing 44% of the currently identified whale
sharks in the Philippines (n = 1,095 Wildbook for Whale
Sharks, Apr 28th 2017). Sex could only be confirmed for
158 males and 22 females, highlighting a significant male
bias (χ2 = 58.2, p < 0.001). Overall, whale sharks ranged
in size from 2.0 to 10.0m (n = 396, mean = 6.5m,
SD = 1.6m; Figure 2). A total of 83 males (53% of males)
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TABLE 2 | Models run for Lagged Identification Rate at Donsol.

Name Model parameters !QAIC

A Closed (1/a1 = N) 8758.6

B Closed (a1 = N) 8758.6

C Emigration/mortality (a1 = emigration rate; 1/a2 = N) 716.8

D Emigration + reimmigration (a1=emigration rate; a2/(a2 + a3)

= proportion of population in study area at any time)

637.3

E Emigration/mortality (a1 = N; a2 = Mean residence time) 716.8

F Emigration + reimmigration + mortality 580.9

G Emigration + reimmigration (a1 = N; a2 = Mean time in study

area; a3 = Mean time out of study area)

637.3

H Emigration + mortality + reimmigration (a1 = N; a2 = Mean

time in study area; a3 = Mean time out of study area;

a4 = Mortality rate)

0.0

Models run as preset in SOCPROG 2.7 (Whitehead, 2009). Parameters test for population

closure (A and B), as well as emigration, reimmigration, and mortality rates (C to H). The

quasi-Akaike Information Criterion was used for goodness of fit. N was for population size

at the study site.

FIGURE 2 | Size distribution of whale sharks identified in Donsol. The red line

indicates the mean size of individuals (6.5m).

were considered mature based on clasper morphology, but it
was not possible to determine the females’ maturity status.
Mature males with available size data ranged from 6.0 to 10.0m
(n = 76, mean = 7.6m, SD = 0.8m). Maturity in males (LT50)
was estimated to be attained at 6.8m ± 0.2m S.E. (Residual
Deviance = 118.3; p < 0.001; AIC = 122.3). Fin truncations
or amputations were observed on 79 individuals (16%), and
propeller-originated scars were observed on 89 individuals
(19%).

Effort
A total of 1,985 surveys were conducted in 895 days over
the 10 whale shark seasons (2007–2016), resulting in 6,786

encounters with R. typus. From these encounters, 467 individual
R. typus were confirmed through photo-ID. Survey effort varied
greatly between seasons, as these were dependent on sightings
in the vicinity. There was a strong correlation between the
number of surveys and the number of encounters (r2 = 0.84,
p < 0.05), however, the encounter rate or identification rate
did not follow a similar correlation (r2 = 0.03, p > 0.05,
and r2 = 0.18, p > 0.05, respectively), reflecting the seasonal
abundance of whale sharks off Donsol. Encounters occurred
predominantly in the shallow coastal waters between barangay
San Raphael and barangay Poblacion, although some encounters
occurred as far north as Pio Duran, Albay, to as far
south as barangay San Antonio, Pilar, Sorsogon (Figure 1).
A further 12 individual whale sharks were added to the
database through citizen science contributions from Donsol
waters.

The total number of individuals identified per season
(Nov–Jun) varied greatly, ranging from 15 to 185 individuals
(mean = 104, SD = 55.53; Table 1), with a recruitment of 3–
90 new individuals yearly (mean = 46.8, SD = 36.29). In 2013
and 2014, sightings of whale sharks were comparatively low, with
15 individuals in 2013, compared to 77 in 2012 and 89 in 2015
(Table 1). Forty-seven percent (n = 225) of whale sharks were
only seen in one season in Donsol, whereas 53% were seen in at
least two seasons. Some individuals (15%) returned in at least five
different seasons (Nov–Jun), and two individuals were sighted
in 10 different seasons (Figure 3). The longest match at Donsol
was by individual P-375, which was first identified by a citizen
scientist in 1998, and resighted again in 2011, 14 years later, but
not since then. Similarly, individual P-135 was first identified
in 2004 by a citizen scientist and was last seen in 2016, having
been sighted in 2007, 2008, 2009, 2010, 2011, 2012, and 2014.
A total of 20 whale sharks identified in Donsol were sighted at
least once at one other location (Supplementary Table 1), and 31
whale sharks had a span of ≥ 10 years between their first and last
identification at Donsol (Supplementary Table 2).

Whale sharks were sighted as early as October and into June,
with large seasonal variations. Peak season (February to May)
remained consistent throughout all years of the study (Figure 4),
with a maximum of 118 different individual whale sharks during
April 2009 (mean= 57.1, SD= 34.5).

Residency, Lagged Identification Rate and
Population Estimates
Model H (Table 2) was the best-fit model by integrating
emigration, reimmigration and mortality. The modeled LIR
showed that whale sharks spent a mean of 49.8 ± S.E. 14.5 [95%
CI (32.3–78.6)] days in Donsol, whilst spending 56.4 ± S.E. 17.7
[95% CI (31.2–99.4)] days away. Mean mortality or permanent
emigration was estimated at 0.000593 ± S.E. 0.000092 [95% CI
(0.000418–0.000807)]. Estimates of aggregation size indicated a
mean of 52.5± S.E. 4.3 [95%CI (47.1–60.8)] whale sharks present
in Donsol at any one time during the season. The LIR decreased
steadily from 1.0 to 205.3 days, and continued to decrease over
time, but never quite reached zero (Figure 5). The LIR increased
between 366.2 and 753.1 days, and then again between 1455.8 and
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FIGURE 3 | Number of different years individual whale sharks were sighted in Donsol through photo-ID (2007–2016).

FIGURE 4 | Boxplot depicting the number of individual whale sharks sighted

monthly at Donsol from 2007 to 2016.

2623.1 days, suggesting some periodicity in the visitation by some
whale sharks to Donsol over time.

The open population model in program MARK with
the POPAN extension (White and Burnham, 1999) for the
photo-ID dataset (2007–2016) converged to provide a super-
population estimate at Donsol of 1766.6 ± S.E. 40.7 [95% CI
(1688.6–1848.1)] individuals.

DISCUSSION

Donsol hosts a substantial aggregation of whale sharks on a
seasonal basis, currently accounting for almost half of all whale
sharks identified in the Philippines (Wildbook for Whale Sharks,
December 2017). There was significant male bias (87%) for those
individuals whose sex could be confirmed, though it could not be
determined for 62.5% of individuals. Such male bias is consistent
with coastal aggregations from across the globe (Meekan et al.,
2006; Rowat et al., 2007, 2009; Riley et al., 2010; Ramírez-Macías
et al., 2012a,b; Himawan et al., 2015; Rohner et al., 2015b) and
with others from within the Philippines (Araujo et al., 2014,
2017). Adult-dominated sites remain a rarity, namely at Darwin’s
Arch in the Galapagos Islands (ECU), Gorda Banks in Baja
California (MEX), at an offshore aggregation inQatar (QAT), and
at St Helena Island (GBR) in the South Atlantic, and at a newly
identified area in the mid-equatorial Atlantic off Brazil (Ramírez-
Macías et al., 2012b; Acuña-Marrero et al., 2014; Clingham et al.,
2016; Macena and Hazin, 2016; Robinson et al., 2016). Whale
sharks at Donsol are uncharacteristically larger than those found
elsewhere in the Philippines (e.g., 5.2m mean total length in the
Bohol Sea, Authors, unpub. data.). These sites also employed
visual estimates, with some laser photogrammetry validation
(Araujo et al., 2014), yet there are likely large errors in estimates
(Sequeira et al., 2016). However, using the same techniques,
whale sharks in Donsol were larger than those in the Bohol Sea.

The average size of individuals in the Bohol Sea area was c.
5.2m, with <20 mature males identified out of 565 individuals
(Authors, unpub. data). By comparison, whale sharks at Donsol
were considerably larger (c. 6.5m) and most of the males were
mature. Interestingly, only 5 out of >1,000 individuals identified
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FIGURE 5 | Lagged Identification Rate (mean ± S.E.) for whale sharks at Donsol. Model parameters included emigration, reimmigration and mortality as preset in

SOCPROG 2.7 (Whitehead, 2009).

at Donsol and in the Bohol Sea have been matched between
these nearby locations (∼400 km apart). The relatively low
mixing between these regions might suggest that these groups
of whale sharks utilize different areas on at least a seasonal
basis. Alternatively, the lack of mixing could indicate size/age
segregation within the Philippines, which would be essential
information for managing critical habitats for the species (e.g.,
foraging, developmental, migratory corridors). A recent global
photo-ID study across multiple sites revealed little movement
between aggregations (Norman et al., 2017), as did a separate
study looking at multiple sites in the Indian Ocean where only
1 whale shark out of 1,724 was sighted between two countries
(Andrzejaczek et al., 2016). Telemetry tracking studies might
help elucidate the movement patterns and connectivity of whale
sharks in the Philippines. It is also important to understand if
these whale sharks are moving into international waters, where
hunting still occurs in relatively close proximity to Donsol (Li
et al., 2012).

Although maturity could not be determined for females,
over 50% of males examined were mature with large and
calcified claspers. The size at which 50% of the population
reached maturity was c. 6.8m, considerably smaller than that
previously reported in the western Indian Ocean using laser
photogrammetry (9.2m, Rohner et al., 2015b) and visually
estimated at Ningaloo Reef, Western Australia (8.1m, Norman
and Stevens, 2007). However, it is similar to the size at maturity
from the Gulf of Mexico and Qatar, where 50%maturity in males
was estimated at 7.0m and 7.3m, respectively (Ramírez-Macías
et al., 2012b; Robinson et al., 2016). In the present study we
used visual estimates, which have inherent errors (Rohner et al.,
2011; Sequeira et al., 2016), and thus our results are indicative
more than absolute. However, differences in size-at-maturity
between aggregations could indicate different in stocks or better
feeding opportunities that lead to faster development ormaturity.
Further studies are necessary to elucidate this. Nonetheless,
coupled with the fact that two of the smallest whale sharks ever

recorded were found within close proximity to Donsol (Aca and
Schmidt, 2011), the general occurrence of larger sharks and the
large number of mature males underlines the importance of
the area for this endangered species, as it might not only be a
pupping and foraging ground, but also be a potential mating
ground, which has thus far eluded the scientific community and
the general public to date. Whale shark tourist guides operating
in Donsol since 1998 have reported mating-like behavior by large
individuals, but these reports have not yet been verified (Authors,
pers. comm.).

Whale sharks visiting Donsol appear to spend c. 50 days
in the area, as estimated using maximum likelihood methods
(Whitehead, 2007), and as observed through intra-season
resightings. This is considerably longer than that reported
elsewhere. Using the same methodology, whale sharks at Panaon
Island, Southern Leyte spent c. 27 days in the area (Araujo et al.,
2016), and at an offshore aggregation in Qatar, whale sharks
spent c. 29 days there (Robinson et al., 2016). In Ningaloo Reef,
Western Australia, Holmberg et al. (2009) estimated whale sharks
spent 33 days in the area using different methods. Contrastingly,
at Utila Bay, Honduras and at an aggregation in Saudi Arabia’s
Red Sea, whale sharks spent c. 12 days in these areas, suggesting
whale sharks are likely more transient there (Fox et al., 2013;
Cochran et al., 2016). Residency patterns estimated through
conventional mark-recapture techniques are a useful, non-
invasive method for determining how whale sharks use certain
sites. Employing acoustic telemetry, Cagua et al. (2015) showed
that whale sharks were residing in the vicinity of Mafia Island,
Tanzania, year-round. Some whale sharks therefore exhibit
strong site fidelity and this should be considered when developing
local management plans. For instance, the exclusion of fishing
gear known to interact frequently with whale sharks could be
temporarily restricted, or speed limits could be incorporated into
local legislation to reduce the potential collisions with whale
sharks, which is clearly a problem, given that 89 individuals had
propeller scars on them. This number is higher in other parts of
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the Philippines (47 and 45% of individuals, Araujo et al., 2014,
2016 respectively), but similar to other sites, such as Isla Holbox,
Mexico (Ramírez-Macías et al., 2012a).

Whale sharks displayed strong site fidelity to Donsol. Most
whale sharks (53%) visited Donsol in at least two separate
seasons, with some individuals returning to the site spanning
over 10 years. By contrast, only 32% of individuals were resighted
at Panaon Island, Southern Leyte (Araujo et al., 2016), similar to
Ningaloo Reef, Western Australia, where 35% of individuals were
sighted in different years (Holmberg et al., 2009). Whale sharks
at Gladden Spit, Belize and in the Seychelles had a lower inter-
year resight proportion of 22 and 28%, respectively (Rowat et al.,
2011; Fox et al., 2013). The strong philopatry displayed by whale
sharks at Donsol further highlights the importance of the site for
the species.

The main driver of whale shark occurrence at Donsol
appears to be prey related as sightings coincide with periods of
higher productivity in the region (Gordon et al., 2011; Stewart
et al., 2017). Diatom blooms appear to dominate the plankton
composition in Donsol between January and August. Large
surface mats of Trichodesmium were also reported, though they
could be linked to an El Niño event during sampling (WWF-
Philippines, unpub. data). Whale shark abundance appears
to peak c. 1 month prior to these plankton communities’
highest yearly densities in the area, and coincides with the
dry season in the Philippines resulting in reduced water
output from the rivers into Donsol waters (Lapitan-Tandang,
2010). Plankton tows were conducted in the general area year-
round, but not in close proximity to feeding whale sharks
as recommended by (Rohner et al., 2015a). The high density
of phytoplankton is likely supporting complex zooplankton
compositions, but the links remain unclear. Whale sharks
were observed feeding at Donsol, as previously reported by
Quiros (2007) and Yaptinchay (1999). It is thus possible that
whale sharks are targeting high-density patches of zooplankton
in Donsol, supported by phytoplankton species, which would
explain their seasonal visits there. However, further work to
understand their feeding ecology in Donsol is necessary to test
this idea.

The open population model estimated that 1,767 whale
sharks make up the population visiting Donsol. Although effort
was inconsistent across years, encounter and individual rates
were not correlated to effort. This is a considerable number
of whale sharks, and makes it the largest seasonal reported
aggregation in Southeast Asia. However, seasons have been
variable, with 2013 and 2014 having had very few individuals.
Although variability in whale shark occurrence is likely linked
to prey distribution and primary productivity, it is important
to monitor changes over time to detect possible threats to this
already endangered species (Pierce and Norman, 2016). The
population estimate at Donsol of 1,767 ± 41 is comparable
to estimates from the Gulf of Mexico of 2,167 individuals
(McKinney et al., 2017), although different methods were
applied. It is considerably larger though than estimates from
Ningaloo with 320–440 individuals (Meekan et al., 2006),
the Seychelles with 348–488 individuals (Rowat et al., 2009),
the Maldives with 68–81 individuals (Riley et al., 2010) or

Holbox Island, Mexico, with 521–809 individuals (Ramírez-
Macías et al., 2012a) using the same methods. Although mark-
recapture approaches provide an estimate of population size,
these numbers are more indicative than absolute, particularly in
light of a lack of standardizedmethods for estimating whale shark
abundance across sites. Genetically derived estimates across
different aggregations might provide more accurate estimates for
management purposes.

Citizen science contributions were valuable, with 12
newly identified individuals from the general public’s photo
submissions to Wildbook for Whale Sharks. Consistent with
Araujo et al. (2014, 2016), whale sharks appear to be moving
broadly through the Philippines. Donsol receives up to 27,000
tourists seasonally, and the potential for further harnessing
citizen science for cost-effective population monitoring needs
to be explored. Donsol has attracted tourists since 1998, and
the tourism interaction with whale sharks has been regulated
by a number of local and national legislations (Pine et al., 2007;
Quiros, 2007). Some of the concerns previously highlighted by
Quiros (2007) have been addressed, though others remain, such
as the number of motorized vessels around a single whale shark
and the proximity of swimmers to the animals (Authors, pers.
obs.). Although tourism now brings over U$S 1.5M in revenue
per season to the area (Local Government Unit, Donsol), it is
important to strictly regulate interactions with whale sharks
at Donsol, given the importance of the area to the species and
their endangered status (Pierce and Norman, 2016). Sustainable
practices are recommended when engaging tourism with an
endangered species, ensuring the durability of the industry for
the local communities that benefit from it, and minimizing
disturbance in an important habitat (Quiros, 2007; Araujo et al.,
2017).

CONCLUSION

Donsol is a unique whale shark site, hosting the largest
known whale shark aggregation in Southeast Asia. It is
economically and ecologically important for both communities
and whale sharks alike. Whale sharks visiting Donsol stay
longer than at other aggregating sites and display yearly
periodicity. There is also a considerable proportion of adult
males within this aggregation, uniquely worldwide, which might
provide some insight into the reproductive life history of
the species. Furthermore, Donsol presents a good opportunity
for implementation of citizen science approaches, given the
ease of photographing surface-dwelling whale sharks, and that
these data can cost-effectively help population monitoring over
time.
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Photo-ID and telemetry highlight 
a global whale shark hotspot in 
Palawan, Philippines
Gonzalo Araujo  *, Ariana Agustines, Brian Tracey, Sally Snow, Jessica Labaja & 
Alessandro Ponzo

The Philippines is home to the second largest known population of whale sharks in the world. The 
species is listed as endangered due to continued population declines in the Indo-Pacific. Knowledge 
about the connectivity within Southeast Asia remains poor, and thus international management is 
difficult. Here, we employed pop-up archival tags, data mining and dedicated effort to understand 
an aggregation of whale sharks at Honda Bay, Palawan, Philippines, and its role in the species' 
conservation. Between Apr and Oct 2018, we conducted 159 surveys identifying 117 individual whale 
sharks through their unique spot patterns (96.5% male, mean 4.5 m). A further 66 individual whale 
sharks were identified from local operators, and data mined on social media platforms. The satellite 
telemetry data showed that the whale sharks moved broadly, with one individual moving to Sabah, 
Malaysia, before returning to the site <1 year later. Similarly, another tagged whale shark returned to 
the site at a similar periodicity after reaching the Malay-Filipino border. One individual whale shark first 
identified in East Kalimantan, Indonesia by a citizen scientist was resighted in Honda Bay ~3.5 years 
later. Honda Bay is a globally important site for the endangered whale shark with connectivity to two 
neighbouring countries, highlighting the need for international cooperation to manage the species.

The whale shark Rhincodon typus Smith 1828 is the world’s largest extant fish, capable of reaching a maximum 
size of 19.6 m in length1. It inhabits tropical and warm temperate waters2, and aggregates to feed in numbers of 
up to a few hundred3. These predictable aggregations occur at various sites across the globe to prey on sergestid 
shrimps (e.g. Mafia Island, Tanzania4; Bahia de Los Angeles, Mexico5), fish spawn (e.g. Belize6; Qatar7; Caribbean 
Mexico8), coral spawn (e.g. Ningaloo Reef9), or on provisioned food (e.g. Oslob, Philippines10; Cenderawasih Bay, 
Indonesia11) amongst others.

The whale shark is listed as ‘Endangered’ under the IUCN Red list of Threatened Species12 due to declining 
population numbers, particularly in the Indo-Pacific region. Though the species is protected nationally in coun-
tries that used to operate targeted fisheries (e.g. Taiwan, India, Philippines), concerns remain from ongoing fish-
eries in the south of China where over 1,000 animals are reportedly landed yearly in the Hainan province alone13, 
and a Wild Life Risk report where a single shark processing factory in the Zhejiang province processed up to 600 
whale sharks per year14. These numbers are substantial considering, for example, that in 22 years (1992–2014) 
of photographic identification at Ningaloo Reef, Western Australia, a total of 1,082 individuals were identified15. 
The species was listed into Appendix I of the Convention on Migratory Species in 2017, highlighting the need for 
international efforts to enhance their conservation, given crucial gaps in our knowledge of their life history and 
the decline in numbers observed across multiple sites (CMS/UNEP/CoP12, 2017).

Documented whale shark aggregations are normally dominated by juvenile males ranging from 4 to 8 m in 
length2, with the exception of Darwin, Galapagos Islands16, and Baja California17, where adult females are fre-
quently sighted. In the Arabian Gulf, a high proportion of adult males and females were reported at an offshore 
aggregation in Qatar7, and at St Helena Island in the South Atlantic18. Similarly, whale sharks visiting Donsol in 
the Philippines had a high proportion of mature males (53%)19. Assuming an expected 1:1 birth ratio as observed 
in Taiwan20, no data is available as to the whereabouts of juvenile females, with the exception of Saudi Arabia’s 
Red Sea where the first known 1:1 juvenile aggregation was reported21. The occurrence of neonates is negligi-
ble with very few encounters across the world documented to date, those of which come mostly from fisheries 
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interactions22,23. Shifts in ontogenetic habitat use are important to help identify critical habitats for this endan-
gered species, particularly if international boundaries are crossed.

The whale shark has a unique spot pattern that allows for the identification of uniquely marked individuals 
through photographic identification (photo-ID), and subsequently for mark-recapture studies24. Photo-ID is a 
cost-effective minimally invasive technique used to describe population dynamics25. These methods have now 
been employed to understand population dynamics at most whale shark sites across the globe (e.g. Ningaloo 
Reef9; Qatar7). Specifically, modified maximum likelihood methods can be employed to elucidate their lagged 
identification rate (LIR), defined as the probability of recapturing an animal after a certain time lag26, to under-
stand their local ecology. This approach uses the identification data itself, including from several sources27, to 
estimate various population parameters such as population size, residency, mortality, etc. The surface-dwelling 
and slow-moving nature of the whale shark, coupled with its unique individual spot patterns24, makes it an ideal 
candidate species for citizen science projects25,28. Citizen science, by which the general public is enlisted to partic-
ipate in scientific projects, is a powerful tool that can help monitor ecological and environmental factors, respond 
to crises, or inform management actions on a local, regional or global scale29–33. In marine megafauna species, cit-
izen science has been used to understand abundance and demographics, distribution, and threats amongst others 
(e.g. reef sharks34, wobbegong shark35; humpback whales36; green turtles37). In whale sharks specifically, citizen 
science and data mining contributions have aided the understanding of their habitat use and connectivity across 
different countries, demographics and life-history traits15,27,38. Data can also be extracted by mining historical 
social media posts (e.g. ©YouTube, ©Facebook), and thus also contribute to scientific projects19,27,28.

Telemetry can complement photo-ID and help understand habitat use and movements, as has been shown in 
whale sharks. In Madagascar, Diamant et al.38 satellite-tracked eight juvenile whale sharks to identify unknown 
foraging grounds, and photo-ID was used to understand periodicity at the site and connectivity to other regional 
sites where dedicated photo-ID programmes are active. Robinson et al.39 showed how whale sharks in the Arabian 
Gulf spent the majority of their time within the Gulf with annual returnees to the site, and strong site fidelity to 
the tagging site. Rohner et al.40 tracked whale sharks in the Mozambique coastline making regular international 
movements to South Africa, and Hearn et al.41 showed the long-distance movement of adult females from the 
Galapagos Islands. Telemetry can thus be employed to help our understanding of an endangered species, their 
habitat preference and use, local and afar movements, and any connectivity to other countries— essential data for 
their effective management.

The Bohol Sea, Philippines, was an active whale shark hunting ground until the late 1990s when the species 
was nationally protected (FAO 193, Department of Agriculture). Alava et al.42 reported ca. 500 whale sharks 
landed between 1993 and 1997 at just two localities, with a decrease in CPUE between these years. Following the 
ban on whale shark hunting, tourism endeavours started in the country, with Donsol, Sorsogon Province, leading 
the way43. The site quickly attracted up to 27,000 tourists per season19. Another ecotourism initiative started in 
Pintuyan, Southern Leyte, in 2006, with varying seasonal occurrence of whale sharks from December to June44. 
These tourism endeavours were masked by a different kind of whale shark tourism that emerged in Oslob, Cebu, 
where whale sharks are provisioned daily, year-round, and now receives >500,000 tourists a year [10, Oslob 
Tourist Logbook 2019]. Whale sharks are also seasonally (Mar-Jun) reported at Tubbataha Reefs Natural Park 
(TRNP) in the Sulu Sea and recent evidence suggest these sharks move broadly through the region45. Some evi-
dence of whale sharks in Honda Bay, Palawan, exists through reports of sightings in September and October, as 
well as direct take, though nothing suggests this was an ongoing targeted fishery for the species46.

Here, we investigate the population dynamics of whale sharks in Honda Bay, Palawan, Philippines, and its rel-
evance globally. We use pop-up archival tags to understand regional movements and habitat use, and data mining 
with dedicated photo-ID effort to estimate population size and residency through modified maximum likelihood 
methods. We discuss how these can inform conservation and management initiatives for this endangered species 
in the region.

Results
Using dedicated effort and data mined from different sources, we identified a total of 183 individual whale sharks, 
of which 109 were male following clasper inspection and 4 were female, and 70 whose sex could not be deter-
mined. There was a considerable male bias for those sexed individuals (96.5% male; χ2 = 59.9, P < 0.001). The 
estimated total length (TL) of individually identified whale sharks was 4.46 ± 1.08 m (range 2.25–8.00 m). Only 
one male was considered mature based on clasper visual inspection, estimated at 8.00 m TL.

Survey effort and photo-ID. We conducted a total of 159 surveys between Apr 26 and Oct 21, 2018, 
encountering at least one individual whale shark on 63% of surveys. Surveys conducted onboard tourist boats 
encountered at least one whale shark on 89% of instances while those from the pumpboat encountered at least 
one whale shark on 49% of the surveys. Pumpboat surveys lasted an average of 04 hr 58 min, covering an average 
of 45.3 km, whereas surveys onboard tourist boats lasted 05 hr 35 min covering 69.7 km. Overall, we had a total of 
507 whale shark encounters leading to 419 photo identifications with 117 individual whale sharks, with a mean 
of 2.6 successful encounters (identified individual whale shark) per survey. All whale sharks were encountered 
within the southern half of Honda Bay (Fig. 1b).

Data mining and other sources. In total, we extracted a total of 230 images yielding 106 unique IDs. Of 
these, 66 were unique left IDs assigned as newly identified individuals to the Philippines database on ‘Wildbook 
for Whale Sharks’ (Supplementary Table 1). A further 20 identification images were used from preliminary work 
by the Authors (May–Jun 2016, n = 10) and those collected during the whale shark tagging in Jul 2017 (n = 10). 
These 86 unique records were used to provide temporal information of whale sharks in Honda Bay.
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Movements from Photo-ID. One whale shark first reported at Tubbataha Reefs Natural Park (TRNP, 
~160 km SE of Honda Bay) on Apr 15 2015 was resighted in Honda Bay on May 21 2016. Another whale shark first 
reported in TRNP in May 2003 (date unspecified) was resighted in Honda Bay on Oct 20 2008. Two whale sharks 
identified in Honda Bay were matched to Oslob, Cebu (~500 km E of Honda Bay). Individual P-745 was first 
identified in Oslob on Nov 24 2014 and resighted in Honda Bay on Apr 24 2016 by a citizen scientist. Individual 
P-730 was first identified in Oslob on Oct 06 2014 and resighted in Honda Bay on Oct 07 2018 whilst on survey.

More interestingly, individual ID-051, a 3 m male, was first identified in East Kalimantan, Indonesia on Dec 
29 2013 by a citizen scientist who submitted the encounter to Wildbook for Whale Sharks, and was resighted in 

Figure 1. Map of the Philippines (a) and of Honda Bay in Palawan (b). The green dots represent whale shark 
encounters between Apr and Oct 2018. The red stars represent the survey start points.

https://doi.org/10.1038/s41598-019-53718-w


4SCIENTIFIC REPORTS |         (2019) 9:17209  | https://doi.org/10.1038/s41598-019-53718-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

Honda Bay on Oct 19 2018 whilst on survey. On this occasion the shark was visually estimated to measure 4 m TL. 
This represents the first international whale shark match between the Philippines and Indonesia using photo-ID.

Lagged identification rate and residency. Model H (Table 1) best fitted the empirical data through 
a combination of mortality, emigration, reimmigration and residency parameters. The LIR declined quickly 
following initial identification (Fig. 2) and continued to decline before rising after mean 92.9 days, then again 
after mean 362.0 days, and 738.3 days, and never quite reaching zero after 1,539.2 days. The model estimated 
a mean 41.1 ± 13.5 whale sharks at the study site at any one time, residing a mean 6.4 ± 2.9 days within the 
study area, whilst spending 58.2 ± 25.5 days outside. Mortality or permanent emigration rate was estimated at 
0.00097 ± 0.00056.

Whale shark tracking. Only five of the ten miniPAT tags popped up and transmitted any data. The five 
sharks were tracked for a mean 136.6 ± 51.3 days (range 61–200 days). Of these 5, data transmission was very lim-
ited (summary in Table 2), and none were physically retrieved. Four of the 5 tracked individuals (P-1346, P-1128, 
P-1126, P-1123) moved south between deployment and pop-up date (Fig. 3). Given the limited data transmitted, 
and the spatial accuracy of these tags (~50 km), the movement presented here is an estimate and not absolute (an 
animation with 50%, 95% and 99% confidence intervals is presented as Supplementary Video 1). However, it is 
clear that these tracked animals moved south during the overall tracking period (Fig. 3). Individual P-1125 was 
tracked for a total of 200 days and transmitted more complete data packages of its locations. The animal appears 
to have first moved northeast towards Cuyo Islands in the northern Sulu Sea, before returning south via the 
Cagayancillo archipelago and TRNP, where the tagged popped-up southeast of Honda Bay (Fig. 3).

At least three of the five tracked whale sharks returned to Honda Bay. Two from the animals that transmitted 
data (P-1125 and P-1128; Fig. 3), and P-1122 which was resighted by citizen scientists on the Oct 30 2017 still 
carrying a heavily fouled tag (Table 3). Individual P-1396 was resighted in Honda Bay during whale shark surveys 
on the Jul 7 2018 not carrying the tag and no obvious scarring to the naked eye.

Model Name Parameters ∆QAIC
A Closed (1/a1 = N) 41.6
B Closed (a1 = N) 1,129.2
C Emigration/mortality (a1 = emigration rate; 1/a2 = N) 22.1

D Closed: Emigration + reimmigration (a1 = emigration rate; a2/
(a2 + a3) = proportion of population in study area at any time) 17.0

E Emigration/mortality (a1 = N; a2 = Mean residence time) 22.1
F Emigration + reimmigration + mortality 6.5

G Emigration + reimmigration (a1 = N; a2 = Mean time in study area; a3 = Mean 
time out of study area) 4.4

H Emigration + reimmigration + mortality (a1 = N; a2 = mean time in study 
area; a3 = mean time out of study area; a4 = mortality rate) 0.0

Table 1. Model results for modified maximum likelihood methods using parameters to test for population 
closure, mortality or permanent emigration, reimmigration and residency as preset in program SOCPROG 
2.752. N = population size; QAIC: quasi-Akaike information criterion.
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Figure 2. Estimated lagged identification rate for whale sharks at Honda Bay based on modified maximum 
likelihood methods adapted from Whitehead26.
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At least one whale shark (P-1346) moved to Malaysian waters, to Lahad Datu Bay in north-eastern Sabah, 
Borneo (Fig. 3). Individual P-1128 appeared to have been following a similar path, but the tag popped up north-
east of the Turtle Islands, near the Malay-Filipino border. Both P-1128 and P-1346 were resighted in Honda Bay 
on May 23 and 28 2018 respectively during whale shark surveys (Table 3), representing the first confirmed inter-
national return of whale sharks in Asia.

Time-at-depth. A total of 404 12-hr time at depth (TAD) histograms were received from all five tags. Sharks 
used all depth bins, including the deepest (1,000–2,000 m). Whale sharks spent the majority of their time in the 
epipelagic zone (96.6%), with the majority of this time spent at the top 5 m (35.4%), followed by the 30–60 m bin 
(18.7%), the 15–30 m bin (15.3%) and the 5–15 m (14.9%; Fig. 4). Overall sharks displayed some difference in 
their TAD patterns; however, differences in the number of histograms transmitted per tag differed greatly (range 
13–180).

Tag Shark ID Sex
Size 
(m)

Deployment 
date Pop-up date

Tracked 
duration (d)

Distance 
(km)*

Max. 
depth (m)

Min. 
depth (m)

Max. 
temperature (°C)

Min. 
temperature (°C)

Light 
locations

39706 P-1123 M 4.0 20-Jul-17 26-Dec-17 159 315.9 381.5 0 n/a n/a 42
39707 P-1126 M 3.5 21-Jul-17 20-Sep-17 61 395.4 516.0 0.5 n/a n/a 123
39710 P-1346 M 2.5 19-Jul-17 08-Dec-17 142 558.9 448.5 1 30.6 10.7 16
39721 P-1125 M 4.0 21-Jul-17 06-Feb-18 200 111.0 953.0 0.5 n/a n/a 279
39729 P-1128 M 4.5 23-Jul-17 21-Nov-17 121 389.7 1009.5 0.5 n/a n/a 232
39701 P-1396 M 4.0 22-Jul-17 n/a n/a n/a n/a n/a n/a n/a n/a
39720 P-1122 M 3.5 19-Jul-17 n/a n/a n/a n/a n/a n/a n/a n/a
39741 P-1124 M 6.0 20-Jul-17 n/a n/a n/a n/a n/a n/a n/a n/a
39742 n/a n/a 5.0 22-Jul-17 n/a n/a n/a n/a n/a n/a n/a n/a
39748 P-1127 M 2.5 22-Jul-18 n/a n/a n/a n/a n/a n/a n/a n/a

Table 2. Summary of whale sharks tagged in Honda Bay, Palawan, with pop-archival tags in July 2017. 
*Distance (km) reflects the minimum straight line between deployment and pop-up location. Tags #39701, 
#39720, #39741, #39742 and #39748 failed to transmit any data.

Figure 3. Estimated most probable track of five whale sharks tagged in Honda Bay, Palawan, Philippines in 
Jul 2017 using light locations. Note that only tags from whale sharks P-1126 and P-1125 transmitted sufficient 
light level data points to estimate short-term horizontal movement. An animation with confidence intervals is 
attached as Supplementary Video 1.
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Time-at-temperature. A total of 411 12-hr time at temperature (TAT) histograms were transmitted from 
all five tags (Fig. 5). Sharks utilised all temperature bins between 5–10 °C and 32.5–45 °C. Sharks spent the major-
ity of their time (76.7%) in the 27.5–30 °C bin, corresponding with the TAD of 0–60 m depth use. Overall, sharks 
spent only 5% of their time in waters <20 °C, with some time spent (3.3%) at temperatures <15 °C.

Diving. To estimate the vertical velocity during descent, we selected dives that were characterised by a clear 
V-shape, and where sharks went from shallower water (<50 m) to >500 m deep. Given the gaps in the time-series 
data transmitted (intervals of 7.5–10 min), we present estimates that are indicative of the minimum vertical veloc-
ity of descent for sharks P-1125, P-1126 and P-1128. A total of 11 dives >500 m were recorded amongst these 
three sharks (range 516–1,009.5 m). The mean descent vertical velocity was estimated at 0.32 ± 0.29 ms−1 (range 
0.004–0.988 ms−1). For individual P-1128, all dives >500 m (n = 7) took place between 04:40 pm and 07:40 am, 
whereas individual P-1126 only dive >500 m took place at 12:52 pm, and P-1125 dives were at 07:00 am, 03:30 pm 
and 10:00 pm.

A total of 189 deep dives (>200 m) were performed by sharks P-1125, P-1126 and P-1128 between Jul 22 2017 
and Jan 18 2018. Two thirds (67.7%) of these dives were performed between 06:00 pm and 05:59 am, with the 
remainder of deep dives (32.3%) taking place between 06:00 am and 05:59 pm, daylight hours in the region. Most 
deep dives were transmitted from individual P-1125 (98), consistently performing a third (34.7%) of deep dives 
during between 06:00 am and 05:59 pm. Some periodicity was observed in the temporal deep diving of all sharks, 
with marked absences of deep dives (Supplementary Fig. 3).

Discussion
Honda Bay, Palawan, is a globally important whale shark hotspot with 117 individuals identified in a single sea-
son through dedicated photo-ID, and a further 66 identified through data mined from social media platforms 
and other sources. This small juvenile, male-dominated aggregation appears to occur seasonally between Apr 
and Oct, with some individuals returning yearly to feed on small fishes and krill. Through photo-ID, individuals 
were matched to other sites in the Philippines. Combined with satellite telemetry, we report the first interna-
tional return movement of whale sharks in Asia, with one individual moving to Lahad Datu in Malaysian Borneo 
through the Tawi-Tawi Kinabatangan strait, and returning to Honda Bay less than a year later. A second shark 
was also tracked to the edge of the Malay-Filipino border in the south Sulu Sea, and the animal returned to 
Honda Bay ca. a year later. Two other tags also moved to the southern Sulu Sea, and the fifth tag that transmitted 

Shark ID Resighting date Resighting location
Time after 
tagging (d) Remarks

P-1122 30-Oct-17 Honda Bay 103 Sighted by a citizen scientist; tag heavily fouled 
(see Supplementary Fig. 1)

P-1346 28-May-18 Honda Bay 313 No tag attached, only tether

P-1396 07-Jul-18 Honda Bay 350 No tag, no tether, no scar observed (see 
Supplementary Fig. 2)

P-1128 23-May-18 Honda Bay 304 No tag attached, only tether
P-1128 24-May-18 Honda Bay 305 No tag attached, only tether

Table 3. Whale sharks initially tagged in Honda Bay and resighted at the tagging site.

Depth bins (m)

tneps e
mit fo 

%

03
52

02
51

01
5

0
35

5-1
5

15
-30

30
-60

60
-10

0

10
0-2

00

20
0-3

00

30
0-4

00

40
0-5

00

50
0-7

00

70
0-1

00
0

10
00

-20
00<5

Figure 4. Time-at-depth of histograms received from 5 sharks, combined.
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travelled north before returning to the central Sulu Sea. We also report the first photo-ID match between the 
Philippines and Indonesia by that of a small male identified in East Kalimantan, Indonesian Borneo, in late 2013, 
and resighted in Honda Bay during our 2018 seasonal work.

Photo-ID was effectively employed to identify 183 individual whale sharks at Honda Bay, with a significant 
contribution (36%) from the general public as citizen scientists. The slow-swimming, and relatively benign nature 
of the whale shark makes it easy to photograph these animals underwater28, however, the quality of the photo-
graphs needs improving. The number of identification images usable from the number of encounters obtained 
through other data sources was relatively low (66 out of 230). An educational process to the tourists, perhaps 
as part of the interaction briefing, about the importance of collecting photo-ID data and how they can inde-
pendently submit their encounters to Wildbook for Whale Sharks, would maximise data collection15. Not only 
can the data be used for mark-recapture models, but it can also provide insight into the size, sex and threats (e.g. 
propeller cuts, rope entanglement) individual whale sharks are exposed to.

Whale sharks visiting Honda Bay were mostly juveniles (mean 4.5 m total length), similar to that observed 
in Djibuti (3.7 m)47, Saudi Arabia (4.3 m)21, Bahia de la Paz, MX (4 m)17, Taiwan (4.6 m)48 and Christmas Island 
(4.6 m)49. They are however considerably smaller than whale sharks observed elsewhere in the Philippines as esti-
mated visually (Cebu, 5.5 m10, Southern Leyte, 5.7 m27, Donsol, 6.5 m19), and at other Indo-Pacific aggregations 
like Mozambique (6.7 m)50, Qatar (6.9 m)7 or the Galapagos Islands (10.4 m)41. It appears Honda Bay might play 
a role in the developmental stage of these small juvenile whale sharks, particularly for males (96.5% of identified 
individuals). Only one adult male was observed, suggesting this is unlikely a mating ground for the species, but 
rather a targeted or opportunistic foraging ground.

Honda Bay is a globally important site for whale sharks, with maximum likelihood methods estimating a 
mean ~41 whale sharks at any one time within the survey area. Using similar methods, Araujo et al.27 estimated a 
mean ~16 individual whale sharks at Panaon Island in Southern Leyte, McCoy et al.19 a mean ~53 whale sharks at 
Donsol, Sorsogon, and daily, year-round effort at Oslob, Cebu, had a mean of 18.6 whale sharks weekly51. Similarly, 
Prebble et al.52 estimated ~35 whale sharks at Mafia Island, Tanzania, ~51 whale sharks at Mozambique and ~116 at 
an offshore aggregation in Qatar. Cochran et al.21 estimated ~21 individual whale sharks at a juvenile aggregation 
in Saudi Arabia (Red Sea) and Fox et al.53 estimated ~5 whale sharks at Utila, Honduras. The numbers observed 
in Honda Bay are comparatively significant and makes it the second largest aggregation in the Philippines, an 
important factor given the various laws governing the species nationally and the history of targeted hunting here42.

Whale sharks were encountered active feeding in small tuna boils, targeting the same prey the tunas were. 
We identified the main species as the Philippine anchovy Encrasicholina oligobranchus, although other species 
were probably present throughout the season. On occasion, the sharks were encountered feeding on krill species 
together with other filter feeders including Mobula birostris, M. kuhlii and M. japanica, and Balaenoptera edeni 
(Authors, unpub. data). These co-occurrences with other megafauna highlight a high degree of prey availability in 
the area. It is yet unclear if the sharks visit Honda Bay to specifically forage on small fishes or krill, or perhaps both. 
Their low resighting rate within season, and the low estimated residency as calculated through modified maxi-
mum likelihood methods, suggests these whale sharks might visit Honda Bay to opportunistically forage on avail-
able prey, before moving elsewhere. Interestingly peaks in productivity as inferred from chl-α are highest between 
Nov and Feb, like in Lahad Datu, Malaysia, to the south, and like in the Bohol Sea to the east (Authors, unpub. 
data54), and thus it remains unclear the main drivers for these long-distance movements. Unlike other coastal sites 
where whale sharks are known to spend considerable amounts of time as explained through their lagged iden-
tification rate (e.g. ~31 d, Mafia Island, Tanzania52 ~27 d, Pintuyan, Southern Leyte27; ~50 d, Donsol, Luzon19), 
whale sharks visiting Honda Bay appear to be short-term visitors as that observed in Honduras (~12 d)53,  
the Red Sea (~12 d)21 or Mozambique (~5 d)52. Further work into their detailed habitat use whilst in Honda Bay 
will elucidate this, and perhaps molecular approaches to better understand their foraging ecology52.

Figure 5. Time-at-temperature of histograms received from 5 sharks, combined.
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Only five of the ten tags deployed transmitted data. This failure has been reported in pop-up archival tags 
before with studies reporting ~50% transmission success55. This is a considerable rate of failure given the cost 
of these tags, satellite time, field costs involved, and the invasiveness on the target animals. Individual P-1122 
was resighted 103 days after tagging still carrying the tag. It looked heavily fouled and that tag failed to report 
altogether. It could perhaps be a fouling issue by which the tags become too heavy to pop-up, or even to detach 
altogether from the animal. Similarly, individual P-1396 was resighted 350 days after tagging (tag never reported) 
but with no tether and no obvious scar to the naked eye, suggesting the tag, tether and anchor might have been 
pulled out. Given the cost of these tags and the animal welfare implications, careful considerations should be 
made given their poor success at least in this region. Nonetheless, results yielding conservation and management 
implications can arguably outweigh invasive methods employed such as drag from fouled tags or tag deployment. 
Araujo et al.45 deployed towed SPOT5 tags on 17 juveniles and obtained basin-wide connectivity data as well as 
more detailed habitat use data for coastal areas, albeit a shorter tracking time (~64 days). Perhaps an adaptation 
of these tags (e.g. dorsal fin clamp56, or dorsal fin tether57) might yield better results.

Time-at-temperature reported herein is similar (66–77%) to that reported elsewhere for juvenile whale sharks 
in the tropics38,39,45, yet warmer than that reported for whale sharks at cooler aggregations40,55,58. Interestingly, 
at localities with higher average water temperatures, size at which 50% of males reach maturity was reportedly 
smaller (7.0 m, Gulf of Mexico8; 7.3 m, Qatar7; 6.8 m, Philippines19) than that at more temperate localities (8.1 m, 
Ningaloo Reef59; 9.2 m, western Indian Ocean50). Perhaps juvenile sharks spending the majority of their time in 
warmer, steadier conditions, allow for faster growth and development60. Further investigation into the growth, 
temperature and the effects of global ocean warming on this endangered species are necessary.

The mean vertical velocity estimated herein for dives >500 m deep was 0.32 ms−1 (max. 0.99 ms−1) for 3 sharks 
of mean 4 m TL. Tyminski et al.61 reported a mean of 0.68 ms−1 in the Gulf of Mexico for 5 sharks ranging from 
6–8.5 m TL, with a maximum of 1.83 ms−1 descent vertical velocity on a 7.5 m individual. Arguably, these sharks 
were ca. double in size from the ones reported herein which could explain the slower descent velocity. The dif-
ference in descent vertical velocity between the two studies could also be a consequence of the sampling rate 
employed where here we used 7.5–10 min intervals, and Tyminski et al.61 employed 3 s intervals. This discrep-
ancy in the sensitivity of the data could also explain the slower descent speeds reported here. However, using 5 s 
intervals at Oslob, Cebu, vertical velocities were slower to those reported herein on similar sized sharks (Authors, 
unpub. data). It is possible that the speed of descents is dependent on the reason for these deep dives and, for 
example, a predatory avoidance dive (e.g. leatherback turtle62) will likely be at a higher speed than an exploratory 
dive63.

Time-at-depth (97% < 200 m) was similar to that observed in the southern Red Sea (~90% < 200 m64), 
at an offshore aggregation in Qatar (~79% < 50 m39), the Seychelles (96% < 100 m65), and the Gulf of Mexico 
(~90% < 200 m61). These results are consistent in describing the whale shark as primarily an epipelagic species. 
However, whale sharks are known to forage deeply and spend considerable amounts of time at deeper waters (e.g. 
Mozambique63; Red Sea64; Gulf of Mexico61; Arabian Gulf39; Philippines45). Deep-diving (>200 m) behaviour was 
observed more frequently during the night (68%) consistent with Araujo et al.45, Wilson et al.58 and with Tyminski 
et al.61 when the sharks were inshore of the Yucatan Peninsula. Interestingly there were prolonged periods of no 
deep-diving behaviour at all (Supplementary Fig. 3) that is likely associated with coastal, shallow habitats where 
there are no adjacent waters >200 m deep, such as Honda Bay. The diel vertical movement is believed to be linked 
with foraging opportunities2,58, in this case, when the sharks are in Honda Bay without access to deep-waters, 
they stay on the shelf, yet when they leave they likely perform more regular deep dives, and this could explain the 
periodicity in deep-diving behaviour reported here.

Conclusions
Our results highlight Honda Bay as a global hotspot for the endangered whale shark where they visit season-
ally to feed on small fishes and krill. We used archival tags coupled with photo identification to understand the 
movements of whale sharks from this area, and report the first international return migration in Asia using these 
techniques. We demonstrate the usefulness of monitoring social media platforms to generate data on endangered 
species, and encourage the education of tourists at whale shark hotspots through citizen science programmes 
to aid monitoring efforts15. Coupled with the occurrence of other threatened, endangered and protected (ETP) 
species, Honda Bay has been declared a Marine Key Biodiversity Area. Understanding critical habitats for whale 
sharks is one conservation priority for the species12, and here we provided evidence that supports Honda Bay as 
an important habitat, and the strait between Tawi-tawi (PH) and Lahad Datu (MY) as an important migratory 
corridor for the species.

The whale shark has been protected in the Philippines since 1998 (FAO 193), and in Malaysia since 1999 
(Fisheries Regulation of 1999), with a general understanding that poaching is low. However, concerns remain 
about the illegal take of these animals in the region, in light of fisheries operating in the south of China13 that 
probably have extended fishing grounds into Malay and Filipino waters. Although juvenile whale sharks might 
not move as much as originally thought15,52, they still undergo long-distance movements, or move regionally 
crossing international boundaries27,39,40,45,63 as also reported herein. The results presented here that confirm the 
movements between the Philippines and Malaysia, and Indonesia, therefore add to this connectivity evidence, 
and further emphasizes the need for international cooperation to manage this Endangered species. Our results 
support the objectives of the Coral Triangle Initiative, the Sulu-Sulawesi Seascape Project66, and the Concerted 
Actions for Whale Sharks under CMS (UNEP/CMS/Concerted Action 12.7, 2017) amongst others, to enhance 
the management and conservation of the whale shark through trilateral collaboration between Indonesia, 
Malaysia and the Philippines. The whale shark connectivity corridor identified here in the south Sulu Sea includ-
ing Tawi-tawi and Jolo (PH), Sandakan, Kinabatangan, Kunak and Lahad Datu (MY), appears to be a key area 
of concern for the species, as has also been highlighted for other ETP species like marine turtles. A trilateral 
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approach will not only raise awareness for the species, contribute essential population monitoring data, identify 
and mitigate threats, but also act as an umbrella species for other ETP species that require urgent attention (e.g., 
sharks and rays67).

Methods
Ethics statement. This study was carried out in accordance with the guidelines and in collaboration with the 
Department of Agriculture-Bureau of Fisheries and Aquatic Resources, and the Palawan Council for Sustainable 
Development (PCSD) of the Republic of the Philippines, under whose management the whale shark falls. No 
animal was restrained during this work. Work was undertaken under PCSD Gratuitous Permit 2017-13 following 
an initial research proposal wherein the methods employed were detailed.

Study Site. Honda Bay in Palawan province lies in the northwestern Sulu Sea, a deep-sea habitat (>4,000 m) 
bounded by Mindoro and Panay Islands to the north, Negros and Mindanao to the east, Borneo and the Sulu 
Archipelago to the south, and Palawan to the west. The Bay is relatively shallow (<45 m deep), covering 28,000 ha, 
comprising 12 islands across 19 barangays (villages) within the legislative district of Puerto Princesa City. The Bay hosts 
over 279 species of fish from 41 families, and 37 genera of hard corals68. Honda Bay was highlighted as a Marine Key 
Biodiversity Area (MKBA) given the occurrence of trigger species, namely globally threatened species within a given 
habitat of importance. Concerns remain as the fisheries catch declined by almost 10-fold from early 1980s to early 
2000s69. Whale sharks were reported to occur in numbers by Torres et al.46, including their direct take. Whale shark 
tours in Honda Bay have operated since 2009, although no systematic data collection ever took place until this study.

Boat-based surveys and photo-ID. Dedicated boat-based surveys in Honda Bay were conducted between 
April 23rd and October 21st 2018. We employed two survey platforms to find whale sharks in the Bay: small outrig-
gered pumpboats (7.9 m, 10 hp), and large tourist bangkas (15 m, 90 hp), similar to those described by Araujo et 
al.27. Pumpboat surveys started from Barangay San Jose (9.7982N, 118.7724E), whereas bangka surveys operated 
from the Puerto Princesa City baywalk (9.7441N, 118.7301E; Fig. 1). Whale sharks were haphazardly searched 
for within the central and south western part of the Bay (see Fig. 1) when sea state conditions were <Beaufort 
3, and swell was <1 m. Birds and fish boils were used as sighting cues to aid in finding the whale sharks. Upon 
encountering a whale shark, researchers recorded the location on a handheld GPS, entered the water and col-
lected photographic identification of any whale sharks in the water.

Photo-ID. Photographs of the left and right flank were taken for identification purposes. Left identification 
images were prioritised over the right, as it’s the current international standard. Only images of sufficient standard 
that allowed visual identification of the left and right flank were utilised. Whale shark sex was determined by the 
presence (male) or absence (female) of claspers as confirmed from photographs. No sex was assigned if there 
was no photographic evidence to confirm it. Maturity in males was externally assessed following Norman and 
Stevens59 and Rohner et al.50. Maturity in females could not be visually determined. The size of the whale sharks 
was visually estimated based on items of known length within proximity (i.e. boats and/or other swimmers). 
Although this method carries an inherent level of error [ref.70, it can be used to determine the size class of the 
study animals10. Whale shark behaviour was noted during each encounter and when a whale shark was actively 
feeding and conditions permitted, a sample of the main prey was collected.

Data mining. Photo-identification data collected by members of the general public were used to understand 
whale shark movements. Data was extracted between April and August 2018 from popular social media platforms 
(i.e. ©Facebook, ©Instagram, ©Twitter and ©YouTube). Systematic searches for specific keywords was conducted 
using Boolean operators to increase positive matches. Each video or photograph extracted was further processed 
for identification purposes and inputted into a database including date posted, user, quality and whether it could 
be used for identification. A second researcher validated extracted and processed images, and visually matched 
them against a localised database. Where date of encounter could not be verified from the user, the date of upload 
was used as the encounter date; an assumption necessary to maximise data collection.

Photo-ID validation. Identification images from dedicated photo-ID effort and different data sources were 
processed and sorted into separate folders, each corresponding to a different individual whale shark. These were 
visually matched against a localised database. A second researcher working independently confirmed, sorted and 
identified images visually. A third researcher, independent from the first two, ran an identification photograph 
of each individual through the program I3S (http://www.reijns.com/i3s)71 containing identification images from 
all sites in the Philippines (Authors, unpub. data). New, unidentified individuals were uploaded onto the online 
whale shark database ‘Wildbook for Whale Sharks’ (www.whaleshark.org). The presence of each individual whale 
shark was recorded on a spreadsheet.

Lagged identification rate. Photo-ID data extracted from data mining sources and collected through dedi-
cated effort was used to calculate the lagged identification rate (LIR), defined as the probability that an individual will 
be resighted at the study site after a certain time lag26. The LIR was modelled using the ‘Movement’ module in the pro-
gram SOCPROG 2.772, and was used to estimate residency, population size and mortality or permanent emigration. 
Models were tested for a combination of open, closed, emigration, reimmigration and mortality population param-
eters (Table 1). This approach operates under the assumption that identified individuals have equal probability of 
recapture over time, no marks change or can be lost, and individuals can leave and re-enter the site. The quasi-Akaike 
information criterion (QAIC), was used to account for over-dispersion of the data, and select the best-fitting model73. 
The best-fit model was bootstrapped for 100 repetitions to generate standard errors and 95% confidence intervals74.
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Satellite tagging. Ten whale sharks were opportunistically tagged with pop-up archival tags (miniPATs, 
Wildlife Computers, Washington, USA) between July 19th and 23rd 2017 in Honda Bay, Palawan (Table 2). Upon 
encountering a whale shark, we used a Hawaiian-sling spear pole to attach the tag to the whale sharks’ left flank, 
between the base of the dorsal fin and the first lateral ridge. The tag was attached with a titanium dart that is 
inserted 10 cm into the subdermal tissue of the shark, tethered by a stainless steel line. It is unclear how long darts 
remain embedded for, but 5 tags recovered by Araujo et al.44 using the same darts were attached to the tethers 
upon retrieval. Darts were sharpened and cleaned with 95% ethanol prior to deployment. Tags were deployed 
on first attempt to minimise disturbance to the animals. Tags were not coated with antifouling. Tags were pro-
grammed to pop off after pre-determined intervals of 150, 180 and 300 days (Table 2). Tags recorded on-off-on 
histograms for depth and temperature for 12 hrs for eight days on, four days off, and four days on, with depth bins 
of <5 m, 5–15 m, 15–30 m, 30–60 m, 60–100 m, 100–200 m, 200–300 m, 400–500 m, 500–700 m, 700–1,000 m, 
1,000–2,000 m, and temperature bins of <0 °C, 0–5 °C, 5–10 °C, 10–15 °C, and then in 2.5 °C increments until 
32.5 °C, and then 32.5–45 °C. MiniPATs collected light-level data which was used to determine location. No tags 
were physically recovered in order to retrieve the full time-series dataset in this study. For those tags that trans-
mitted sufficient depth time-series data, we calculate the number of deep-dives (>200 m) during day and night, 
and estimate the vertical velocity of extreme dives (>500 m) based on pre-set intervals of 7.5–10 min.

All data retrieved from the tags was transmitted through the ARGOS satellite system and downloaded from 
Collecte Localisation Satellites (www.argos-system.cls.fr). Wildlife Computers’ DAP3 processor was used to esti-
mate light-level data into geographic locations of the tags deployed. This processor uses a Hidden Markov Model 
(HMM) with a multi-step algorithm at a 0.25° grid size with light levels, bathymetry data (ETOPO-1)75, tagging 
location (GPS), pop-up location (first ARGOS Location Quality 3), any other GPS location assigned by the user, 
sea surface temperature (SST; NOAA OI SST V2, http://www.esrl.noaa.gov/psd), and a mean animal speed of 
3.5 km h−1 47,76. Light-level locations had a mean radius error of ~50 km, and 50%, 95% and 99% confidence inter-
vals were generated (Wildlife Computers, 2018), presented herein as Supplementary Video 1.

Data availability
All identification data is hosted on the online database ‘Wildbook for Whale Sharks’ (www.whaleshark.org). Tag 
data will be made freely available upon manuscript publication.
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Chapter 7 – Discussion 
 
Summary 
In the work presented here, I utilise photo-ID, citizen science and telemetry to understand the ecology 

of whale sharks at four hotspots in the Philippines: Oslob (Cebu), Pintuyan (Southern Leyte), Donsol 

(Sorsogon) and Honda Bay (Palawan). In Chapters 2-6 I highlight how the Philippines hosts juvenile 

and adult whale sharks with year-round and countrywide occurrence, connectivity to neighbouring 

countries, and behavioural preferences likely driven by feeding opportunities (Fig. 3). Given the 

recent history of the species overexploitation in the region, and based on the results presented herein, 

the Philippines can play a key role in the species recovery. 

 
Significance and scientific contribution 
The whale shark is a long-lived species that can grow to ~18 m (Meekan et al. 2020), yet there are 

still important knowledge gaps. Where they mate, for example, remains a mystery, but some 

information exists on where adults occur (Donsol, Miranda et al. 2020; Qatar, Robinson et al. 2016; 

Baja California, Ramírez-Macías et al. 2012; India, Akhilesh et al. 2013; Galapagos, Hearn et al. 

2016; St. Helena, Perry et al. 2020). Similarly, their pupping grounds are poorly understood though 

there is evidence of live pups in the Ticao-Burias Pass in the Philippines (Aca & Schmidt, 2011; 

Miranda et al. 2020), the Maldives, Taiwan (Hsu et al. 2014) and the Western Indian Ocean (Rowat 

et al. 2008). It is generally understood that neonates and new-of-the-year whale sharks likely inhabit 

oceanic or deep environments (Rowat & Brooks, 2012) given the generally low level of interactions 

with fisheries (e.g. Peru, Pajuelo et al. 2018), particularly in coastal areas where fishing pressure is 

highest (Queiroz et al. 2019). 

 
In the Philippines, whale sharks of all size-classes occur, and the work presented herein sheds light 

on their ecology and population demographics. A lack of population-level data on the species since 

the hunting in the 1990s (Alava et al. 1997), initiated the work presented in Chapter 2 to document 

the population demographics of a provisioned aggregation of whale sharks at Oslob, Cebu. This work 

determined that the majority of the sharks were juvenile males (87%) measuring a mean 5.5 m TL. 

Similarly in Southern Leyte, ca. 220 km east of Oslob, Chapter 3 described a primarily juvenile male 

(81%) aggregation measuring a mean 5.7 m TL. As a result of these two studies we hypothesised that 

these aggregations were connected which would have implications for their management (Fig. 3).  

 

Determining the sex of whale sharks is more difficult than in other species of sharks and rays, because 

juvenile male whale sharks’ claspers do not extend beyond the pelvic fins. In order to address this 

possible bias in the sex being reported, sex was only attributed to an individual if a photo was recorded 
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of the claspers or absence thereof. The male bias observed in the Bohol Sea is similar to that observed 

at other coastal aggregations globally (e.g. Maldives, Harvey-Carroll et al. 2021; Ningaloo Reef, 

Meekan et al. 2006), highlighting the general lack of females. Interestingly, only in Saudi Arabia’s 

Red Sea and in St. Helena a 1:1 sex ratio has been reported (Cochran et al. 2016; Perry et al. 2020).  

 

 
Figure 3. Synthesis figure highlighting geographic locations of interest within this commentary. Arrows indicated the 

direction of whale shark movements as confirmed through photo-ID, telemetry and/or citizen science. Pie charts 

highlight the sex distribution at each study site (blue = male, orange = female). Sizes within the pie charts indicate the 

mean size of whale sharks at each site. 
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Accurately sizing individual whale sharks is also difficult, and an important metric for ecological 

studies (Rohner et al. 2011). Whale sharks can be sized using a tape measure next to the animal to 

estimate the total length (e.g. Ramírez-Macías et al. 2012), or more commonly, whale shark sizes are 

visually estimated by comparing the animals next to objects of known length i.e. visual estimate (e.g. 

another swimmer; Norman & Stevens, 2007). Alternatively, a method that improves size estimates is 

the use of paired-laser photogrammetry wherein two laser dots are projected onto the body of the 

animal and the total length is calculated (e.g. Rohner et al. 2015b). In Chapter 2 I used paired-laser 

photogrammetry to validate visual estimates, and determined that the visual estimate errors did not 

affect size estimates beyond acceptable error margins (~0.5 m), and was thus used in the remaining 

Chapters (3-6). All of these methods have limitations, and the best estimates to date have been 

generated with stereo-photogrammetry, wherein two cameras mounted at pre-set angles and distance 

on a frame, are used to extrapolate linear distances using specialised software to estimate size, 

normally to <5% error (Shortis & Abdo, 2016). This method has also been successfully employed in 

other marine taxa (e.g. marine turtles, Araujo et al. 2019b). It is also a very costly setup, quickly 

amounting to ~10,000 AUD (see Araujo et al. 2019b). Sequeira et al. (2016) did stipulate that visual 

estimates tend to underestimate the size of the animal as these get larger. Given these inherent biases 

in size estimation, it is likely that whale shark sizes reported here for the Bohol Sea are slightly larger 

(~10-15%) but it would nonetheless represent a mainly juvenile population. Given that male maturity 

was determined by visual inspection of the claspers following Norman & Stevens (2007), the overall 

population dynamics presented in Chapters 2-6 would not have changed with more accurate size 

measurements. 

 

Building on the results from Chapters 2-4 my work moved north to Donsol, ~400 km north of the 

Bohol Sea (Fig. 3), where whale sharks appear to be considerably larger, measuring a mean 6.5 m TL, 

and adult males a mean 6.8 m TL (Chapter 5). This size segregation is common in whale sharks, with 

sites like the Galapagos where the majority of whale sharks are adult females (Hearn et al. 2016) or 

St. Helena where it is mainly adults of both sexes (Perry et al. 2020), or most global sites hosting 

smaller, male-dominated aggregations (Rowat & Brooks, 2012). Why this coastal site hosts a larger 

number of adults remains unclear, but it does highlight the importance of the site. The occurrence of 

adults is generally rare, globally, and these individuals play a key role in species recovery given their 

survival and reproductive output capabilities (e.g. Manlik et al. 2016). Contrastingly the occurrence 

of adults with juveniles is also not uncommon, for example, Robinson et al. (2016) highlighted that 

although the mean size of whale sharks at Al Shaheen in Qatar indicated a juvenile aggregation, 63% 

of males assessed for maturity were mature, similar to that observed in Donsol. The work in Chapter 
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5 highlighted the importance of the site for the species, and was recommended as a conservation 

priority area for whale sharks. 

 

The research conducted and presented within highlight three ecologically important factors about 

Donsol as a critical habitat for the species (based on Hall et al 1997): it is a pupping ground (Miranda 

et al. 2020), sharks display extended residency periods (Chapter 5) and the occurrence of a significant 

number of adults (Chapter 5). A critical habitat for a migratory species must also consider ‘migratory 

corridors’, though these differ from species to species (Gregr & Trites, 2001). The whale shark is a 

highly mobile species, with juveniles and adults capable of moving thousands of kilometres (e.g. 

Berumen et al. 2014; Hearn et al. 2016). Although the driver for whale shark residency in Donsol 

remains unclear, there is indication that these sharks’ extended residency is linked to foraging 

(Quiros, 2007; Chapter 4). Donsol was declared a whale shark sanctuary (Municipal Ordinance No. 

1 S-98) the same day the species was federally protected in the Philippines on March 27, 1998. The 

risk of direct take is therefore small given the community benefits from the tourism and the overall 

awareness with regards to the species in the area (Pine et al. 2007). However, concerns have been 

raised regarding the impacts of the tourism on the sharks in Donsol (Quiros, 2007). Recommendations 

for management to minimise such impacts have been made based on the work from Chapter 5 on 

seasonal abundance and seasonality, and other studies on whale shark tourism elsewhere 

(Mozambique, Pierce et al. 2010; Haskell et al. 2015; Southern Leyte, Araujo et al. 2017a). It is of 

special importance in Donsol where mating could be taking place. 

 

Having a better understanding of the three main whale shark hotspots in the Philippines (Chapters 2-

5) was important to understand the level of threat to these whale sharks, particularly in light of 

evidence suggesting targeted fisheries were still operating out of the south of China (Li et al. 2012; 

Wildlife Risk, 2014). Together with partner NGO Marine Megafauna Foundation and government 

stakeholders, we deployed 17 Smart Position or Temperature Transmitting (SPOT) tags on juvenile 

whale sharks in the Bohol Sea, and at a site where citizen scientists reported a high number of whale 

sharks in 2014 (TRNP; Chapter 4; Fig. 3). The main objective was to identify any movement from 

central Philippines towards the South China Sea where whale sharks were reportedly being caught 

(Li et al. 2012; WildLife Risk, 2014). None of the tracked sharks moved there, however we did 

confirm broad basin-level movement within the Bohol and Sulu Seas and identified new areas of 

importance for the species i.e. foraging grounds as inferred from multiple transmissions from the 

surface over several days from specific areas (Chapter 4). Tracking duration was short (mean ~64 

days), probably due to the sharks’ overlap with fisheries (>2 million small-scale fishers in the 

Philippines; FAO, 2020) that could entangle and detach the towed tags (e.g. in nets, long-lines, 
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propellers). Future deployments of SPOT tags should consider fin attachments (e.g. clamp, Norman 

et al. 2016). 

 

During 2016, preliminary surveys were conducted in Honda Bay, Palawan in west Philippines, and 

in an attempt to build on Chapter 4 to highlight any connectivity beyond national boundaries, we 

secured long-retention pop-up archival tags for deployment on whale sharks. Systematic surveys 

revealed that whale sharks in Honda Bay were significantly smaller than in Donsol or the Bohol Sea, 

with a mean 4.5 m TL (Chapter 6). The occurrence of whale sharks there is different to the other sites 

described in Chapters 2-5 where whale sharks are found near shore, normally associated with 

plankton feeding. In Honda Bay, whale sharks are found in association with tuna boils, and feed on 

baitfish therein, mainly Philippine anchovy Encrasicholina oligobranchus although they also predate 

on other baitfish species (GA, pers. obs.). This has not been extensively documented for whale sharks, 

with two other recent studies observing this behaviour elsewhere (Djibouti, Boldrocchi et al. 2019; 

Madagascar, Diamant et al. 2018). It is not uncommon though, and it appears to be one of the species’ 

foraging strategies in the presence of small fish. What is also interesting about Honda Bay is that the 

occurrence of whale sharks there contrasts other seasonal aggregations (i.e. May-Oct vs. Nov-May). 

This could be attributed to their movement in the region as explained through telemetry (Chapters 4, 

6). Whale sharks aggregate in coastal areas Nov-May to capitalise in higher productivity and 

zooplankton (Cabrera et al. 2011; Yap-Dejeto et al. 2019; Sanabria et al. 2019). As productivity 

declines, whale sharks move to other areas in search of food, which also explains the high mobility 

of whale sharks tagged in TRNP in late May (Chapter 4). Their modelled residency in Honda Bay 

was ~6.4 days, considerably shorter than that observed at coastal sites (22.4-50 days), suggesting that 

whale sharks visiting Honda Bay might opportunistically predate on fish and other food sources (e.g. 

krill, Chapter 6) before moving on. Perhaps foraging on energy-rich aggregating fish is more efficient 

requiring a shorter residency at a given feeding ground, or contrastingly feeding on fish is not energy 

efficient as opposed to zooplankton which tends to present longer residency periods and therefore 

longer feeding opportunities (e.g. Southern Leyte, Chapter 3). Further investigation using tri-axial 

accelerometers (e.g. Thums et al. 2013) could shed light on the whale sharks’ feeding efficiency on 

different prey sources. 

 

Estimated population size as determined by maximum likelihood methods (Whitehead, 2001), per 

day, was highest in Donsol with 53 individuals at any one time, followed by Honda Bay with 41 

individuals, Southern Leyte with 16, Oslob provisioned sharks with 13, and Oslob non-provisioned 

sharks with 6 individuals. The methods also estimates mortality or permanent emigration as 0.0006, 

0.001, 0.0007, 0.0003 and 0.003 d-1 respectively. Natural mortality in whale sharks was recently 
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estimated at 0.09 – 0.14 yr-1 using vertebrae bands (Ong et al. 2020), similar to that found in other 

large species of shark (e.g. 0.07 yr-1 for basking shark Cetorhinus maximus, Campana et al. 2008; 

0.08 year-1 for white shark Carcharodon carcharias, Mollet & Cailliet, 2002). These studies 

estimated natural mortality based on longevity data, which is considerably different to capture-mark-

recapture data where mortality or permanent emigration is estimated from sighting and resighting 

probabilities at a specific site. Therefore, if an individual animal were to hypothetically reside in one 

site for its lifespan, a CMR mortality estimate would be close to its natural mortality estimate. 

However, CMR is dependent on effort (e.g. Fruet et al. 2012) and a telemetry approach is dependent 

on tracking duration (Knip et al. 2012). Results from Chapters 2, 3, 5 and 6 highlight the affinity of 

some sharks to individual sites which they revisit over time. For example, provisioned whale sharks 

in Oslob have a 10-fold lower likelihood of mortality or permanent emigration than non-provisioned 

individuals – a likely indication of their affinity to the site due to the provisioned food (Chapter 2; 

Thomson et al. 2017). Mark-recapture models cannot accurately differentiate between mortality and 

permanent emigration (Holmberg et al. 2008). Modelled mortality and permanent emigration for 

whale sharks at Donsol was estimated at 0.22 yr-1 whilst Southern Leyte was 0.26 yr-1. This suggests 

that some whale sharks leave these sites and do not return over time, as presented in the empirical 

data with resighting rates of 0.53 and 0.32 at these sites respectively (Chapter 3, 5). 

 

Southern Leyte presents different challenges to Donsol. The whale sharks aggregate seasonally to 

feed on zooplankton patches that are not yet fully understood, but copepods represent ~50% of the 

density of plankton individuals near feeding sharks, with a smaller representation of fish eggs, 

sergestids, mysids, chaetognaths, and cnidarians (Sanabria-Ramirez et al. 2019; Yap-Dejeto et al. 

2019), although seasons are variable (Chapter 3). This juvenile-male dominated aggregation with 

known connectivity to Taiwan, Donsol, Cebu and Mindanao lays within close proximity to the 

Surigao Strait – a major shipping and ferry channel, where large vessels are observed within <1 km 

from shore at times where the whale sharks forage at the surface (GA, pers. obs.). The higher mortality 

and permanent emigration rate (0.26 year-1), the common occurrence of propeller scars on these 

individuals (Araujo et al. 2017b), and the proximity to a busy shipping area, point to the increased 

risk to whale sharks at this locality. Increasing tourism at the site also presents challenges as there is 

an inability of the current management system to sustainably cope with increasing numbers of 

tourists, as highlighted by Araujo et al. (2017a). Enforcement of the local ordinance governing the 

tourism is imperative, as is perhaps the delineation of propeller-free or speed limit zones to minimise 

potential vessel strikes on whale sharks at the site. These measures could be temporal, for example, 

between November and May, when whale shark occurrence is more likely. Given that the coastal 
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human population in Southern Leyte where the whale sharks occur is primarily small-scale fishers 

(Kockel et al. 2020), consultation and compromise are likely necessary. 

 

Provisioning of wildlife is a highly debated subject (Orams, 2002), particularly of sharks (e.g. Brena 

et al. 2015). Provisioning of whale sharks for tourism is relatively new, with Oslob in the Philippines 

leading the way in late 2011 (Chapter 2). Since, multiple sites have developed in Indonesia, and likely 

to follow, Malaysia (GA, pers. obs.). A multitude of issues have been highlighted with the 

provisioning of whale sharks in Oslob, from extended residency periods and differences in visitation 

patterns (Chapter 5; Thomson et al. 2017), changes in behaviours (Schleimer et al. 2015; Legaspi et 

al. 2020), increased scarring (Penketh et al. 2020), metabolic rate implications (Araujo et al. 2020c), 

crowding and tourist perceptions (Ziegler et al. 2018; 2019b), and more recently, to concerns over 

the conservation value and outcomes of the site despite its high economic value (Ziegler et al. 2020). 

Given the concerns raised, it would be suitable that managers and stakeholders evaluate the 

sustainability of the practice, particularly in light of the species’ Endangered status, and the national 

and international laws under which it falls. Minimising disturbance to the natural behaviour of the 

sharks visiting Oslob should be the priority, wherein any tourism activity built around it should 

educate tourists and stakeholders alike on whale sharks and the marine environment in general. The 

site hosted >500,000 tourists in 2018 and 2019, and this was a missed opportunity to educate them 

on pressing marine issues like climate change (e.g. Vedor et al. 2021) and overfishing (e.g. Queiroz 

et al. 2019). Whale sharks visiting Oslob are predominantly juvenile males (86%) measuring 5.5 m 

TL, with known connectivity within the Philippines to Honda Bay, Donsol, Southern Leyte, 

Mindanao, Bohol, TRNP, and beyond national waters to Malaysia (Araujo et al. 2020a). Given that 

these sharks are not solely Oslob sharks, management of the site is imperative. A conceptual 

framework to follow, or an adapted version thereof, could be the Limits of Acceptable Change (LAC; 

Stankey et al. 1985) as has been successfully applied to other marine wildlife tourism operations (e.g. 

Higham et al. 2008; Catlin & Jones, 2010). This model was developed as a more proactive alternative 

to the conventional ‘level of impact’ management of landscapes or wildlife, by determining the 

desirable visitor activities that are acceptable for the activity to take place, and then developing the 

management actions to make it so (Stankey et al. 1985). 

 

Future Outlook 
The work presented here has shed light on important aspects of the ecology of the whale shark in the 

Philippines, and used for the development of management strategies for the species (e.g. CMS 

Concerted Action for Whale Shark, UNEP/CMS/2017/12.7). My work has also highlighted key areas 

which future research could focus on to further our understanding of the species biology, ecology, 
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and threats, and how this in turn can be used to manage this Endangered species and increase its 

Green Status Score (IUCN, 2020). Below, I highlight some key research questions that have arisen 

through the course of the work, and warrant further investigation. 

 

Ontogenetic habitat use 
The work presented in Chapters 2-6 highlighted that whale sharks display different residency and 

habitat use patterns across the different sites. It was also highlighted that whale sharks are smaller in 

Honda Bay than elsewhere, and those in Donsol are larger than elsewhere. Work by Ramírez-Macías 

et al. (2017) and Ketchum et al. (2013) highlighted that juvenile whale sharks had a stronger 

preference for coastal habitats whereas adults preferred offshore ones. There is evidence to support 

this further from the Galapagos, where adult females are only ever seen once and telemetry has 

revealed their offshore movements (Hearn et al. 2016). The results presented in Chapter 4 however, 

show that adult whale sharks are feeding in the coastal areas of Donsol and might reside for quite 

some time before moving elsewhere. Contrastingly, small juveniles in Honda Bay reside <7 days in 

a non-coastal habitat and feed primarily on small fish. It is therefore likely that habitat preference is 

driven by prey availability and foraging opportunities, which is particularly important in the tropics 

where thick zooplankton biomass is patchily distributed (Rohner et al. 2015a). Seasonal productivity 

in the Philippines is driven by the southwest monsoon, habagat (Jun-Oct), increasing in Nov and 

peaking in Mar-Apr (Cabrera et al. 2011). During these months, we find whale sharks in coastal areas 

(e.g. Donsol, Panaon Island) and during the contrasting season we find them in association with fish 

in offshore areas (e.g. Honda Bay). This seasonal shift in coastal to offshore habitat use could be 

tested by further SPOT tag deployment in May or Oct at Donsol and Honda Bay respectively, as the 

tracking data would show this horizontal displacement (Fig. 3). Alternatively, stable isotope analysis 

of the same individuals at different time intervals could shed light on their coastal vs. offshore habitat 

preference, although this approach has caveats given basic knowledge gaps in the species physiology 

and nutrient assimilation (Prebble et al. 2018).  

 

The occurrence of adults in the coastal waters of Donsol could be explained by the philopatric 

behaviour of individual sharks, returning there over decadal time scales (Chapter 5), or possibly due 

to mating and/or pupping opportunities as suggested by Miranda et al. (2020). Alternatively, it could 

be due to the close proximity of deep-water (>500 m) to the shallow, plankton-rich waters of Donsol, 

where adults are hypothesised to spend the majority of their time (Rohner et al. 2021). Size and sex 

segregation is not uncommon in large vertebrates as is the case for sharks (Wearmouth & Sims, 2008). 

Small whale sharks (<3 m) are uncommon across globally studied aggregations as is the occurrence 

of large females (Norman et al. 2017). It is likely that small whale sharks and large females avoid 
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areas of high predator abundance, normally associated with islands, seamounts and thermal fronts 

(Worm et al. 2005; Block et al. 2011), thus assuming a risk adverse life-history strategy by avoiding 

high-risk habitats (Rohner et al. 2021). 

 

Reproductive ecology 
Chapter 5 highlighted that Donsol is of global importance given the occurrence of adults, but also 

given the occurrence of neonates (Aca & Schmidt, 2011) and reproductive behaviours observed 

therein (Miranda et al. 2020). How, where and when whale sharks mate and give birth remain the key 

ecological questions for this species. It is therefore possible to try and address some of these questions 

in Donsol. It is possible to conduct underwater ultrasounds on large females to assess their 

reproductive status (Tomita et al. 2019), as it would to assess the morphology of male claspers and 

testes. It would also be possible to use dorsal or pectoral fin mounted cameras on adult-sized 

individuals to record any potential mating behaviour in Donsol given the occurrence of male and 

females of known size-at-maturity or larger (Chapter 5). Perhaps a combination of these approaches 

in the near-future would be the most informative for the species, as it would advance our 

understanding of the whale shark’s reproductive ecology and thus improve population and 

demographic models (Pierce & Norman, 2016). Furthermore, hormonal analyses could be carried out 

on assumed adults to confirm their maturity status in the wild as this has only been successfully 

completed in aquaria to date (Matsumoto et al. 2019). Complementary to these studies would be the 

deployment of long-term retention satellite tags (e.g. Meyers et al. 2020) that could shed light on the 

whereabouts of these adults when away from Donsol, particularly if mating behaviour is confirmed 

as it could shed light on the gestation period for the largest litter-sized shark species globally (~300 

pups, Joung et al. 1996). 

 

Threats 
The whale shark was recently uplisted to Endangered in the IUCN Red List (Pierce & Norman, 2016) 

and its Green Status Score currently estimated at ~42% (Pierce et al., 2021). Understanding how 

different threats might be affecting the species recovery potential is imperative. In the Philippines the 

whale shark is a protected species under national and international legislation, however some threats 

have not been fully assessed such as mortality rate from large vessel collisions and mortality from 

net entanglement and as non-targeted catch. The country is home to >2M small-scale fishers across 

>7,000 islands, highlighting the enormous pressure on marine resources (FAO, 2020). As highlighted 

in previous Chapters, whale sharks occur year-round in the Philippines and identifying the level of 

interactions with fisheries, and the level of mortality resulting from these would be useful for future 

population-level assessments. Similarly, with a population of ~105M in an archipelagic country, boat 

traffic is considerable as is the likely undocumented mortality of whale sharks resulting from large 
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vessel collisions, although this is difficult to prove and remains unconfirmed. Further, high-accuracy, 

satellite telemetry (e.g. SPLASH tags with Fastloc GPS, Wildlife Computers) could help identify 

areas of likely interactions between shipping lines and whale sharks, as well as fishing effort from 

commercial and industrial fishing fleets although the level of AIS integration in the region remains 

low (Queiroz et al. 2019). These data can help decision makers and managers make informed 

decisions on areas of conservation importance or areas that require intervention for the species. 

 

Another growing threat for the species is tourism. The Philippines had ~8M foreign and >40M local 

tourists in 2018 (Department of Tourism, 2019). That same year, >500,000 tourists interacted with 

whale sharks in the Philippines across all sites (Ziegler et al. 2019). Concerns regarding tourism have 

been pointed out in Chapters (2-4), and complement concerns raised by Quiros (2007), Araujo et al. 

(2017a), Thomson et al. (2017), Penketh et al. (2020) and Ziegler et al. (2018) amongst others, and 

require increased management, as supported by the Concerted Actions for Whale Shark of CMS 

(UNEP/CMS/2017). Tourism has been highlighted as a potential non-lethal consumptive utilisation 

of a species (Hingham et al. 2015), and concerns need to be addressed, particularly those regarding 

individual- and population-level fitness and potential effects (e.g. Penketh et al. 2020; Araujo et al. 

2020c). Further work at all whale shark sites is needed to establish the limits of acceptable change as 

a management strategy (Stankey et al. 1985) to ensure the long-term sustainability of these industries 

centred on minimal disturbance to the host species, especially given its Endangered status and known 

movements in the region beyond national waters. 

 

Genetics 
Pierce et al. (2021) highlighted the need for smaller management units for the species necessary for 

the effective implementation of conservation strategies. Currently, the whale shark is known to exist 

as a single global species divided into two distinct subpopulations in the Atlantic and the Indo-Pacific 

regions (Schmidt et al. 2011; Vignaud et al. 2014; Yagishita et al. 2020). The regions are too large 

for effective management, especially as there are considerable data gaps across these ranges (e.g. 

west Africa, central Pacific, central Indian Ocean). With the development of affordable and field-

friendly genetic and genomic tools (e.g. Johri et al. 2019), it is possible to delineate linkages amongst 

areas that can also shed light on the status of the current populations (e.g. kinship mark-recapture to 

evaluate effective breeding females, Ruzzante et al. 2019) and thus help establish more ecologically 

and genetically manageable units. The Philippines hosts at least five aggregations of whale sharks 

(Chapters 2-6) with easy access to the animals for potential sampling. It would be beneficial to 

understand the effective breeding stock for whale sharks in the Philippines, their kinship within and 
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beyond, and the current overall population status (e.g. contraction or expansion on temporal scales, 

Bi et al. 2019). 

 

Conclusions 
The Philippines is home to the world’s second largest known population of whale sharks, which occur 

at five major aggregations described to date: Oslob, Southern Leyte, Donsol, Honda Bay and TRNP. 

The use of photo-ID as a standard method has been effective to monitor these different aggregations 

and understand their demographics and movements therein. Complemented with satellite telemetry, 

these sharks disperse broadly, covering hundreds of kilometres in short amounts of time (days to 

weeks). These methods have also highlighted connectivity to three neighbouring countries, namely 

Indonesia, Malaysia and Taiwan, highlighting important management needs for the species. Some 

size segregation can be observed, with Honda Bay hosting smaller sharks (~4.5 m) contrasting with 

Donsol and the occurrence of adults (~6.5 m), whilst the Bohol Sea hosts sharks somewhere in 

between (~5.5 m). Whale sharks occur year-round, with seasonal trends at all sites. Coastal sites 

where whale sharks aggregate to feed on zooplankton (i.e. Donsol and Southern Leyte) peak during 

the highest productivity months (April and February respectively; Cabrera et al. 2011; Gordon et al. 

2011), with sharks appearing as early as October and departing as late as June. In Oslob, whale sharks 

are present year-round given the provisioning activities, with peaks during early June and October, 

suggesting an increase in the movement of sharks through the area could be linked to seasonal peaks 

in productivity elsewhere (Thomson et al. 2017). In Honda Bay, whale sharks occur between April 

and October, peaking in July – contrasting with most other sites. 

 

Understanding when and where whale sharks occur, how many, and for how long, and where they 

move to and from, is essential to identify critical habitats for the species and therefore enact 

management strategies for their recovery. Given the recent – and possibly ongoing – exploitation of 

the species in the region, it is imperative that critical habitats are safeguarded. Other threats such as 

injuries resulting from boat and fishing gear interactions, should be minimised to improve their 

survival potential. Similarly, tourism can serve as a socio-economic driver in impoverished 

communities, yet any disturbance to the host species should be carefully evaluated and mitigated, or 

minimised, as necessary. The Philippines has served as an exemplary country regionally leading the 

protection of the species, not only nationally, but internationally also by sponsoring the listing of the 

species into Appendix I of the Convention on Migratory Species of the United Nations in 2017, and 

advocating for enhanced action and conservation plans for the species (e.g. Concerted Action for the 

Whale Shark, UNEP/CMS/Concerted Action 12.7). As new threats arise, ensuring the sustainable 

management of the species is essential. 
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