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AR
Abstract

Whale sharks (Rhincodon typus) typically aggregate in response to seasonal increases in prey
abundance, with phytoplankton blooms as well as fish and coral spawning events attracting large
numbers of sharks. However, the whale sharks of South Ari Atoll Marine Protected Area (SAMPA) show
extraordinary site fidelity, with a predictable year round population and no seasonal peak in
aggregations. Whale sharks are slow to reach sexual maturity and vulnerable to overexploitation,
which has resulted in a decline in global populations by >50% over the last 75 years. This study assesses
the environmental and biological variables driving whale shark aggregations at SAMPA in order to
improve whale shark conservation strategies. The whale shark encounter and environmental data
used in this study were collected by the MWSRP team from the 1° of January 2014 to the 18" of April
2017. Surveys were conducted from Dhigurah to Rangali along the epipelagic reef fringe in a local
vessel. A mean of whale sharks per day (shark encounters/search effort) and 12 environmental
variables were calculated to allow for accurate comparisons between data using a Gaussian
Generalised Linear Model (GLM). Of these variables, chlorophyll a (P=0.0217) and current strength
(P=0.0058) were found to have a significant relationship with mean whale sharks per day (a=0.026).
The environmental and biological variables analysed were found to affect the year round aggregation

of whale sharks at SAMPA, but the primary drivers of site fidelity remain unknown.
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1. Introduction

1.1 Background

The whale shark, Rhincodon typus, is a filter-feeding cartilaginous elasmobranch, capable of growing
over 18m in length (Chen et al, 1997; Compagno, 2001; Sequeira et al, 2013). R. typus are the largest
extant fish, and like other large marine megafauna, are characterised by slow growth rates, late sexual
maturity and infrequent reproduction (Riley et al, 2010; Pierce & Norman, 2016). Whale sharks are
particularly vulnerable to overexploitation due to their biological characteristics, tendency to swim
near the surface, and transboundary migratory behaviour (Riley et al, 2010; Sequeira et al, 2013;
Vignaud et al, 2014). Furthermore, targeted pelagic fishing, by-catch, incidental capture and boat
collision are the major causes of mortality for the species (Casey et al, 1992; Colman, 1997; Li et al,

2012).

In 2003, R. typus was added to Appendix Il of the Convention on International Trade in Endangered
Species of Wild Flora and Fauna (CITES). A number of countries; India, the Maldives, the Philippines,
Thailand, Belize, Honduras, Mexico, U.S.A, Australia and Taiwan in 2008, have moved to regulate,
restrict and prohibit the targeted fishing and sale of R. typus products (Chen & Phipps, 2002;
Hausfather, 2004; Norman, 2004). Due to the migratory nature of whale sharks, enforcing regulations
across international boundaries leaves the species vulnerable in areas of low enforcement with limited

or no protection (Li et al, 2012; Eckert et al, 2002).

The majority of states located within the range of R. typus (figure 1) do not have a target fishery for
the species, but there is a growing demand for meat and fins within the Chinese market (Clarke, 2004).
Li et al (2012) notes that “One of the largest processing companies (Wenzhou Haideli Co. Ltd) stated
that in excess of 1000 R. typus are landed annually in Hainan”. This shows signs of an evolving target
fishery in China and highlights the challenges faced to conserve R. typus globally. Last year (2016), the
International Union for the Conservation of Nature (IJUCN) upgraded the status of R. typus from

Vulnerable to Endangered on the IUCN Red List of Threatened Species. This followed research
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highlighting the decline in global populations by >50% over the last 75 years due to overexploitation

(Pierce & Norman, 2016).

Despite an increase in R. typus research over the last twelve years (Irvine & Keesing, 2007; Sequeira
et al, 2013), little is known of whale shark distribution, migration patterns and connectivity (Sequeira
et al, 2012), as well as behavioural ecology (Brunnschweiler et al, 2009), reproduction and life history
(Rowat & Brooks, 2012). Consequently, it is difficult to protect the species against overexploitation
(Stewart & Wilson, 2005) and deduce the impact of targeted fishing, by-catch and other anthropogenic
induced mortality on whale shark populations (Li et al, 2012). In order to improve current R. typus
conservation and management efforts, a broader understanding of the variables influencing whale

shark distribution and aggregations is imperative (McKinney et al, 2012; Rowat & Brooks, 2012).
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1.2 Distribution and aggregations

Whale sharks have a circumglobal distribution within tropical, sub-tropical and warm temperate
waters between 30°N and 35°S, excluding the Mediterranean (Compagno, 2001; Last & Stevens,
2009). Compared with their seasonal aggregations, which are well known, their pelagic distribution
and potential range is poorly understood (Colman, 1997; Castro et al, 2007; Brunnschweiler et al,

2009) and based primarily on sightings from fishing boats (Sequeira et al, 2012).

30°N

30°S

Figure 1: Global range of R. typus — red (Spatial data from IUCN Shark Specialist Group, 2016). Vignaud et al (2014) suggest

that subpopulations within the Atlantic and Indo-Pacific are functionally separate. Over the last 75 years the Atlantic
subpopulation has seen a decline of 230% (Sequeira et al, 2014) and the Indo-Pacific population a decline of >50%, estimated
at 63% (Pierce & Norman, 2016). Counts, population model estimates and habitat availability infer that the Indo-Pacific

population harbours 75% of individuals, with 25% in the Atlantic subpopulation (Pierce & Norman, 2016).

It is widely accepted that the range of R. typus is constrained by the sea surface temperatures (SST)
they can tolerate (Sequeira et al, 2014), with individuals rarely spotted in areas below 21°C (Colman,
1997; Duffy, 2002; Afonso et al, 2014; Tomita et al, 2014). Sequeira et al (2013) notes that warming

ocean temperatures may already be affecting R. typus distributions. Sharks have been documented as

far north as the Bay of Fundy, Canada (Turnbull & Randell, 2006) and the Sea of Okhotsk, Japan at
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44°N (Tomita et al, 2014), and as far South as North East New Zealand, >35°S (Duffy, 2002) and

Victoria, Australia, 37°S (Wolfson, 1986).

Although R. typus are a largely solitary species (Hearn et al, 2016; Barbosa-Filho et al, 2016), feeding
aggregations are increasingly being observed, suggesting they live a more gregarious life than
previously thought (de la Parra Venegas et al, 2011). These aggregations, sometimes hundreds strong
(de la Parra Venegas et al, 2011; Ramirez-Macias et al, 2012), are known to occur seasonally at over
twenty coastal sites worldwide (Colman, 1997; Eckert & Stewart, 2001; Heyman et al, 2001; Stewart

& Wilson, 2005; Rowat et al, 2007, Riley et al, 2010; Rowat & Brooks, 2012; Robinson et al, 2013).

Figure 2: Aerial photograph of R. typus aggregation in Afuera, North Mexicon Caribbean (Reyes, 2009). Note the four boats
and approximately 220 whale sharks (de la Parra Venegas et al, 2011).

Aggregations typically correlate with seasonal food pulses (Graham et al, 2006; Meekan et al, 2006;
Rowat et al, 2007; Rowat et al, 2009) as shown by those at Christmas Island, Belize and Ningaloo reef,
where they time their arrival with mass crab (Hobbs et al, 2009), snapper (Graham & Roberts, 2007)
and coral spawning events (Taylor, 1996). When prey availability decreases or SST falls (Hacohen-

Domené et al, 2015), R. typus disperse to forage elsewhere (Sequeira et al, 2013; Cagua et al, 2015).
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Aggregation connectivity and migration pathways remain mostly unknown (Castro et al, 2007; Schmidt

et al, 2009), although recent studies using telemetry and satellite tracking have shown some
connectivity between aggregation sites, as well as shark dispersion routes (Gunn et al, 1999; Eckert &

Stewart 2001; Gifford et al, 2007; Brunnschweiler et al, 2009; Cagua et al, 2015).

Whale shark ecology is most advanced within the Indian Ocean (Sequeira et al, 2013) with substantial
research showing high site mobility (Wilson et al, 2001; Rowat et al, 2007; Robinson et al, 2013;
Berumen et al, 2014) in addition to site fidelity in certain locations (Riley et al, 2010). In the Maldives,
R.typus are perceived to have a ‘semi-annual residency pattern’ as their distribution shifts West during
December to April and East during May to November (Donati et al, 2016). However, South Ari Atoll in
the Maldives is a unique study site due to its year round residency of whale sharks (Riley et al, 2010;
Cagua et al, 2014; Donati et al, 2016). Therefore, the site represents an excellent opportunity to
further scientific understanding regarding the environmental and biological factors driving whale

shark site fidelity and aggregations.
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1.3 Environmental and biological variables

A number of environmental and biological variables influence whale shark distribution and
aggregations (Rowat & Brooks, 2012; Rohner et al, 2013; Sequeira et al, 2013). One of the primary
environmental drivers is sea surface temperature (SST), and in the Indian Ocean R. typus habitat
suitability is mainly correlated with spatial variations in SST, with 90% of whale sharks showing a strong

preference for SST between 26.5 and 30°C (Sequiera et al, 2012).

R. typus are spotted at the limit of their range only during unusually warm summer and autumn
periods when SST is at its highest (Ebert et al, 2004; Turnbull & Randell, 2006; Tomita et al, 2014).
Additionally, the location of periodically warmer currents, such as the 22°C isotherm in the Azores,
have been shown to affect the number and distribution of R. typus (Afonso et al, 2014). In the North
Mexican Caribbean, large R. typus aggregations show strong connectivity with SST, peaking during the

highest levels of SST and reducing in numbers as SST drops (Cardenas-Palomo et al, 2010).

Whale shark abundance and distribution are also driven by oceanographic features (Eckert & Stewart,
2001; Duffy, 2002; Sleeman et al, 2010a; Rowat & Brooks, 2012; Macena & Hazin, 2016). Currents,
eddies and thermal fronts increase environmental productivity resulting in higher prey abundance
(Wilson et al, 2001; Hoffmayer et al, 2005; Hsu et al, 2007), such as zooplankton and fish, that
accumulate around these features (Balch & Byrne, 1994). R. typus have a varied diet, feeding on small
organisms such as plankton, fish eggs, and coral spawn (Hacohen-Domené et al, 2006; Taylor, 2007;
Robinson et al, 2013), as well as larger nektonic animals such as small species of fish and squid (Last
& Stevens, 1994; Duffy, 2002; Hacohen-Domené et al, 2015). Chlorophyll a, a measure of
phytoplankton concentration (Sequeira et al, 2014), has been measured using satellite imagery to

successfully predict whale shark aggregations (Taylor & Pierce, 1999; McKinnery et al, 2012).

Sites with varying bathymetry; seamounts, canyons and steep shelfs, such as those found at the
Galapagos Islands, St Helena, the Maldives, the Mozambique channel and the Gulf of Mexico amongst

others, attract whale shark aggregations due to the nutrient rich upwellings these features create
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(Brunnschweiler et al, 2009; Rowat et al, 2011; McKinney et al, 2012). Studies using remote sensing

devices have shown that R. typus regularly feed at great depths in bathymetrically unrestricted
habitats, descending to a maximum of 1928m (Berumen et al, 2014; Tyminski et al, 2015). Following
deep foraging dives in cooler waters (Brunnschweiler et al, 2009), sharks are frequently spotted close
to the surface in order to aid thermoregulation (Thums et al, 2012), thus favouring areas of higher SST.
This diving behaviour implies that seasonal aggregations can occur in coastal and surface waters with

low productivity (Brunnschweiler et al, 2011).

Lunar cycles are also an important environmental variable, as corals, fish, squid and other R. typus
prey often spawn and aggregate during specific times of the lunar cycle (Robinson et al, 2013). At
Gladden Spit in Belize, snapper spawn annually during the full moon phase between April and May
(Heyman et al, 2001) attracting a large aggregation of R.typus (Graham & Roberts, 2007). In South Ari
Atoll, acropora corals spawn en masse annually between March and April, again initiated by the full
moon (Loch et al, 2002). At Ningaloo reef, following the full moon, mass spawning of scleractinian
corals occurs annually between March and April, attracting one of the largest and best studied whale

shark aggregations (Taylor, 1996; Taylor & Pearce, 1999; Wilson et al, 2001; Sleeman et al, 2010a).

As highlighted R. typus aggregations and distribution are predominately driven by factors governing
SST and food availability (Colman, 1997; de la Parra Venegas et al, 2011; Sequeira et al 2012; Rowat &
Brooks, 2012). However, at South Ari Atoll a unique year-round aggregation of whale sharks persists

(Riley et al, 2010).
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1.4 Aims

This report investigates the environmental and biological variables that make South Ari Atoll Marine

Protected Area (SAMPA) a year round aggregation site for whale sharks.
In doing this the core objectives are:

e Determine the environmental and biological variables present at SAMPA.
e Investigate the relationship of variables with the frequency of whale shark encounters.

e Rank the most important variables to whale shark site fidelity.

Whale sharks are in need of increased governmental protection but only by understanding where and
why they aggregate can accurate management strategies be formed to effectively conserve the

species (Donati et al, 2016).
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2. Methods

2.1 Study site

The South Ari MPA is the largest MPA in the Maldives (figure 3), covering a total area of 42km? (Cagua
et al, 2014) and situated between 3°38'10N and 3°32'15N, and 72°42'18E and 72°55'58E (Rasheed et
al, 2016). Designated in 2009 to ‘protect and preserve a Maldivian aggregation of whale sharks’ (Cagua
et al, 2014), to date neither a management plan nor regulation of the MPA have been realised
(Rasheed et al, 2016). The MPA extends from the North West of Rangali to the North East of Dhigurah,

extending 1km seaward from the reef crest (Rasheed et al, 2016).
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Figure 3: The Maldives and South Ari Atoll Marine Protected Area (Cagua et al, 2014). Land — brown, reef — yellow, MPA -
dotted line, typical survey route — solid line. The MWSRP was previously based at Rangali in the North West but since 2014

has been located at Dhigurah, resulting in a shift in search effort within the MPA.

The Maldives and South Ari Atoll are influenced by two monsoon seasons which control the
environmental variables and primary productivity at SAMPA (Anderson et al, 2011). The Northeast
(NE) monsoon is dominant from November to April, and the Southwest (SW) monsoon from May to

October (Anderson et al, 2011).
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2.2 Data collection

The whale shark encounter and environmental data used in this study were collected by the MWSRP
from 01/01/14 to 18/04/17. Surveys were conducted from Dhigurah to Rangali along the reef within
SAMPA (see figure 3) in a 15.1m wooden hulled, motorised vessel (Riley et al, 2010). Surveying began
at approximately 9am and finished at 4pm five days per week. R. typus were purposely searched for

visually throughout this time period by the crew, volunteers and staff of the MWSRP.

During my placement | helped collect data in the field. When a shark was encountered, photos from
above the shark, the pelvic fins from below, both sides of the animal, and any injuries and scarring
were captured in order to ascertain its identity. A variety of physical details were recorded about the
shark, as well as information about the encounter. Additionally, environmental variables were
recorded in detail (appendices, figures 18) and the GPS location was noted. Further environmental
variables were recorded daily at three GPS locations staggered along the MPA, environmental stations

A, B and C (appendices, figure 16).

Shark photographs were analysed using I3S software to determine the identity of each shark (figure
4). Each side shot was analysed by assessing each individual’s unique spot pattern behind the 5 gill
slit (Meekan et al, 2006). Firstly, the top and bottom of the 5% gill and the edge of the pectoral were
selected. Secondly, at least twelve individual spots were selected within these boundaries, as shown

by the exaggerated dots below.
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@ 135: Intelligent Individual Identification System (Classic v4.0.2) Database: Mwsrp master database Type: Classic (1041 images, 299 individuals) File: C:\Users\richg\Desktop\MWSRP RESEARCH FOLDER 2\1. Pending\2017_07_16_... —

File Edit Database Options Help

SdSM + - o R 7 ! umber of elements: 15

o)

o Edge pectoral

Figure 4: IS (Interactive Individual Identification System) software used for matching sharks to a database of known

individuals based on their unique spot patterns.

The I13S software then automatically searches its database for a spot pattern match, which if found is
confirmed visually by the user. If the shark is not matched the process is repeated and then the entire
database is checked manually to ensure the individual is a new shark. This allows the MWSRP to
determine which sharks regularly reside at SAMPA, as well as how many new sharks are visiting the
area. Following the identification of each shark, encounter data and photos are uploaded to the Big
Fish Network, an online portal with over 70 contributors. This allows contributors to see which whale
sharks are within the MPA as well as at different atolls in the Maldives, whilst increasing the search

effort and data collection of the MWSRP.

The MWSRP began year round data collection in 2014, hence the data utilised is the most
comprehensive available. Search effort over this duration has been inconsistent due to periods of
unfavourable weather and the SW monsoon. This monsoon brings rain and rough seas, disrupting
surveying and concentrating the survey range predominately to the South and East of the MPA, from

Dhigurah to Nalaguraidhoo (J. Hancock, pers.comm, Director MWSRP, 10 March 2017). Nevertheless,

Page 15 of 44



SRR
the data collected by the MWSRP represents one of the most consistent and detailed records of whale

shark aggregations in the world.

To ensure accuracy, data was refined to include only encounter data and environmental data collected
by the MWSRP team. An eight-day composite of chlorophyll a and sea surface temperature were
downloaded from the SNPP-VIIRS instrument and the Aqua MODIS satellite at a 4km resolution (NASA
2017). From the available satellite data, this eight-day composite provided the most accurate coverage
of the study site over the shortest time frame possible. A mean of whale sharks per day (shark
encounters/search effort) and environmental variables were then calculated over the same time
period to allow for accurate comparisons between data. Taking a mean of data also served to reduce
the impact of any erroneous data collected (Moore, 1996). Lunar stage data was used from
timeanddate.com, a source utilised in previous MWSRP publications and considered the most
accurate available (Evans, 2012; Rees pers.comm, Director MWSRP, 2017). Data were combined from
environmental data, encounter data and no shark data, providing the most detailed data collection of

environmental variables possible.

2.3 Statistical Analysis

Statistical analyses were carried out using R (version 3.3.2; http://cran.r-project.org). The twelve
predictor variables utilised were sea temperature (collected using a thermometer at SAMPA), wind
direction, wind speed (Beaufort wind force scale), cloud cover, sea state, current direction, current
strength, secchi disk visibility, monsoon season, lunar stage (new, first quarter, full, third quarter),
chlorophyll a (chloro a) and sea surface temperature (from MODIS satellite data). The response
variable was mean sharks per day. Prior to modelling, variables with strong skew were transformed,
mean sharks (log+1) and chloro a (sqrt(sqrt)). As a mean of whale sharks per day is the response
variable, a Gaussian Generalised Linear Model (GLM) was utilised. Variance testing was employed to
highlight heteroscedasticity, of which none was found and all assumptions were met. None of the

variables showed intercorrelation (maximum Pearson correlation -0.5), subsequently all variables
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were added to a single GLM to provide the maximum statistical power. By using backward-forward-

stepwise-reduction a Minimum Adequate Model (MAM) was created, based on the Akaike
Information Criterion (AIC). A univariate test was used to measure the significance of removed
variables. All showed no significance to whale shark mean per day. The deviance of the MAM was
analysed to ensure that the deviance observed was not reduced compared to the full GLM model. The
probability values generated by the MAM were then compared with the False Discovery Rate (FDR)
end point adjustment (Benjamini & Hochberg, 1995) to obtain an alpha value. This corrected the
significance of p values, adjusting for type 1 errors arising due to repetitive testing. Finally, due to its
importance to R.typus prey aggregations and its exclusion from the MAM, lunar stage was tested

independently using an ANOVA.

2.4GIS

Using ArcMap 10.4.1, a template of the South Ari Atoll MPA was created using known coordinates
from SAMPA ((2017) appendices, figure 14). Points were edited to ensure they began at the reef edge
and a 1km buffer was added, creating a shapefile of the MPA. The Imagerie Satellite layer was used as
a base map due to its distinct display of the epipelagic reef fringe, from which the MPA extends. Using
zonal statistics, the SAMPA shape file was used to spatially partition SST and chloro a values from each

eight-day composite, from which a mean was calculated and used for statistical analysis.

Using GPS data recorded from each R.typus encounter as point data (n=1043), a kernel density plot of

whale shark encounters was created over the study site to show species distribution and density.

Bathymetric data of the study site was downloaded from the General Bathymetric Chart of the Oceans
(GEBCO) at a 1km, 30 arc-second interval global grid (GEBCO, 2015). This data was used for

observational rather than analytical purposes.
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3. Results

3.1 GIS results

The kernel density map below (figure 5) highlights the distribution of R.typus encounters (n=1043)
over the study period. The density values show increased density of shark encounters along the
epipelagic reef fringe, compared with the channels between islands, such as to the east of Maamigili
(see figure 3 for island labels). Additionally, R.typus encounters display the highest density in the South
of the MPA (red and orange). Also of importance is the density of shark encounters in the East of

SAMPA, showing that sharks are distributed between two main areas within the MPA.
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R. typus density

<VALUE>

0 -266,325.125
- 2663251251 - 532,650.25
- 532 6502501 - 798,975.375
- 798,9753751 - 1,065,300.5
P 1,065,300.501 - 1,331,625.625

Figure 5: R.typus kernel density plot showing all whale shark encounters (n=1043) over the study period (1st January 2014 -
18th April 2017). The MPA (yellow dotted line) straddles the reef (pale blue) with islands (brown) and lagoons behind (mid

blue).
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R. typus density
<VALUE>

0-215,004.325
I 215,004 3251 - 430,008.65
I 4300086501 - 645,012.975
I 6450129751 -860,017.3
860,017.3001 - 1,075,021.625

Figure 6: During the NE monsoon (November to April) whale shark encounter density is concentrated in the South of

SAMPA, inferring that whale sharks aggregate predominately in this area (n=645).

When comparing the above density plot to figure 7 below, there is a noticeable shift in shark
encounter density between the monsoon seasons. Density shifts dramatically from South to East, with
sharks maintaining a presence in the South during the SW monsoon, but with considerably higher
density to the East. The density of whale shark encounters is lower during the SW monsoon than the
NE monsoon, showing a more general use of the MPA, compared with the concentrated density of

encounters during the NE monsoon in the South.
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R. typus density
<VALUE>
0-122,038.8875
B 1220388876 - 244,077.775
I 2440777751 - 366,116.6625
I 366.116.6626 - 488,155.55
488155 5501 - 610,194.4375

Figure 7: The SW monsoon shows a marked change in the distribution of R.typus encounter density (n=398) throughout the
MPA when compared with the NE monsoon (figure 6). Note, the increased number of encounters in the NE monsoon are

largely due to the study period finishing before the commencement of the 2017 SW monsoon.
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3.2 Statistical Analysis

Table 1: Generalised linear model of mean whale sharks vs all environmental and biological predictor variables. MAM
statistical results show the direction of the trend, positive (+) or negative (-), the % deviance explained and the probability of
decreased deviance from the full model p[D]. Predictor variables were tested against the response variable (mean sharks per
day, mean = 1.45, standard deviation (SD) +0.59. Emboldened variables show those with the strongest significance after FDR

correction (a = 0.026).

Model name (and variables tested) Minimum Adequate Model
Full model Sea temperature (+) p = 0.0626
(lunar stage, sea temperature, wind %D =2.44

direction, wind speed, cloud cover, sea Cloud cover (-) p=0.2071

state, current direction, current strength, %D =4.17
secchi disk visibility, chloro a, satellite sea | Current strength (-) p = 0.0058

surface temperature, monsoon season) %D =4.81
Chloro a (+) p=0.0217
%D =4.81

Overall model: AIC = 165.85, p[D] = 0.8654,
%D =13.62

Table 1 shows that of all the predictor variables, the MAM selected current strength and chloro a as
significant to the response variable (mean whale sharks per day), the P values of 0.0058 and 0.0217
confirm this. The percentage deviance (%D) shows that the significant variables explain a small
percentage of the deviance in mean whale sharks per day. The MAM also selected temperature and
cloud cover, however these were not significant. The results of the MAM are validated by the AIC
score of 165.85 and p[D] = 0.8654, showing the MAM is of higher quality than the standard GLM (AIC

194.37) and that there is no significant difference between the GLM and MAM results.
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Figure 8: Scatterplot showing that the measure of chlorophyll a positively predicts mean sharks per day (P=0.0217). It also

shows that high chlorophyll a concentrations do not always result in high mean sharks per day. The plot shows fluctuations

between 0 and 1.97 mean sharks per day (log+1) despite matching chlorophyll a concentrations of 0.78 mg/m?3. Overall the

plot displays a positive relationship between the variables, with the R? value of 0.1501 indicating high variability within the

data, as shown by the spread of points.
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Figure 9: No significance was found between the NE and SW monsoon seasons and mean sharks per day. This graph

illustrates the lack of significance between the variables. Standard Deviation (SD) NE monsoon +0.27, SW Monsoon #0.18.
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Figure 10: The mean number of sharks per day during the NE monsoon (1.57) was higher than during the SW monsoon

(1.29). However, the standard deviation bars show the spread of mean sharks per day over the study period had larger

deviation during the NE monsoon (SD NE monsoon #0.70, SW Monsoon #0.43).
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Figure 11: Current strength showed a significant (P=0.0058) negative relationship with mean sharks per day (log+1) with

higher current speeds resulting in lower mean sharks per day. Also shown above is that the lowest current speed (1) had the

highest mean sharks per day (log+1). A slight decrease is observed between current speeds 1 and 2 and mean sharks per

day (log+1) with a substantial reduction in mean sharks per day (log+1) thereafter (SD 1 #0.22, 2 +0.23, 3 +0.22, 4 +0.14,

Sample size 1 n=42, 2 n=59, 3 n=25, 4 n=5).

Table 2: ANOVA results from the analysis of Lunar stage with mean whale sharks per day. Each year was tested individually

and then all years were tested together (Combined). The P values highlight the lack of significance between mean sharks

per day and lunar phase. The low count of phases in 2017 is due to the study period ending on 18t April 2017.

Year Phases F Value Significance level (P)

2014 n=37 F=0.507 P=0.680

2015 n=42 F=1.187 P=0.328

2016 n=38 F=1.022 P=0.395

2017 n=14 F=1.087 P=0.399
Combined n=131 F=1.233 p=0.301
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Figure 12: Mean R.typus per day per lunar stage 2014 — 2017. Although it can be seen that mean sharks is higher during the
full moon stage, this was not significant (P=0.301, mean = 1.92). Apart from the full moon, all lunar stages showed similar
mean sharks per day between 1.33 and 1.28. The standard deviation shows that within each lunar phase the number of
sharks fluctuates greatly (SD new moon #0.54, first quarter +0.58, full moon +0.76, third quarter +0.43, sample size - new

moon n=32, first quarter n=32, full moon n=34, third quarter n=32).
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Figure 13: Mean whale sharks per day per lunar stage in 2016. Lunar stage 1 - new moon, 2 - first & third quarter, 3 - full

moon. The ANOVA showed that lunar stage and mean sharks per day had no significant relationship. The high of mean

sharks per day of 6.18 sharks during the March full moon is likely due to the mass spawning of acropora corals at SAMPA.

The 0 mean sharks visible in June, July and December are due to a lack of search effort. The 0 mean sharks in February and

November are ‘shark droughts’.
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4. Discussion

4.1 Summary

This study indicates that the most important environmental and biological variables to whale shark
site fidelity at SAMPA are current strength, chlorophyll a concentration and temperature, as shown
by the MAM. Of these variables, chlorophyll a (P=0.0217) and current strength (P=0.0058) were found

to have a significant relationship (a=0.026).

Of all the variables, current strength showed the strongest relationship with mean sharks per day and
the only significant negative relationship. Over the study period, a low current strength of 1 or 2
resulted in mean sharks of 1.73 and 1.48, whereas higher current strengths of 3 and 4 showed a
marked, statistically significant reduction in mean sharks to 0.87 and 0.88 (appendices, figure 19). This
may be in part due to the bathymetrically unrestricted habitat of South Ari Atoll which has depths in
excess of 3000m within 15 miles of SAMPA (appendices, figure 15). Previous research has shown that
R.typus conduct deep foraging dives in waters with temperatures as low as 3.4°C (Brunnschweiler et
al, 2009). Following these dives sharks are known to spend time recovering, using warmer surface
waters for thermoregulation (Thums et al, 2012). The negative relationship may be due to the
increased effort required to swim against currents when sharks are fatigued from energetically
intensive vertical migrations (Sleeman et al, 2010b), with higher currents deterring sharks from
surface waters. However, in other sites sharks have been observed opening their mouths into the
current in order to encourage the flow of warm water over their gills, speeding up thermoregulation

following vertical migrations (Wilson et al, 2006).

Whatever the cause of the relationship between current strength and mean sharks, inferring robust
conclusions is difficult because unequal variance was observed between factor levels, therefore any
significance must be treated with caution. Furthermore, current strength is estimated by MWSRP staff

and volunteers based on their personal observations whilst swimming (1=low, 4=high). Consequently,
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a scientifically accurate, standardised measure needs to be developed to collect current data, allowing

further research to ascertain the validity of any significant relationship.

Chlorophyll a showed a positive relationship with higher mean sharks per day observed during periods
of higher chlorophyll a. R.typus prey such as zooplankton are associated with high chlorophyll a
concentrations (Hsu et al, 2007; Sequeira et al, 2014; Lee et al, 2015) and whale sharks have been
shown to reside for longer periods in areas with higher chlorophyll a content (Taylor & Pearce, 1999;
Hsu et al, 2007; McKinnery et al, 2012; Afonso et al, 2014). The chlorophyll a data in this study is
measured from a depth of 0-40m and hence is a measure of surface chlorophyll a concentrations
(Sleeman et al, 2010b). This measurement range is important in that high chlorophyll a at this depth
range may encourage whale sharks to reside in shallow surface waters due to their opportunistic
feeding habits (Rowat & Gore, 2007; McKinney et al, 2012), thus increasing the likelihood of

encounters.

Chlorophyll a levels are not consistent at SAMPA with large fluctuations observed throughout the
study period (min = 0.12mg/m3, max = 0.96 mg/m?3, mean = 0.31 mg/m?3). However, corresponding
fluctuations are not always observed with mean whale sharks. In fact, throughout the data set there
are numerous examples of high chlorophyll a concentration with 0 mean sharks per day. These
irregularities, as well as its statistical significance, infer that chlorophyll a is at most a contributing

factor, rather than a driver of whale shark site fidelity at SAMPA.

Sea temperature (collected in the field) was included in the MAM and existing research has shown SST
to be an important driver of global whale shark aggregations and distributions (Rowat & Brooks, 2012,
Sequiera et al, 2014). Although no doubt important, in this study temperature did not show a
significant relationship with mean sharks per day (P = 0.0626). Sea temperature has been shown to
have a close association with chlorophyll a (Sequiera et al, 2011), encouraging biological productivity
and consequent whale shark prey aggregations (Hacohen-Domené et al, 2006) which may explain its

inclusion in the MAM.
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Although previous studies have analysed the environmental variables driving whale shark

aggregations at SAMPA, this study has looked in more detail at chlorophyll a, lunar and SST records,
as well as analysing the most comprehensive database of environmental variables to date.
Furthermore, the data utilised covers a number of unusually high and low encounter periods. Five
eight-day periods with an average of more than four sharks per day were analysed in this study, as
well as a period from February 22" to March 19t 2017 with zero encounters. These periods showed
no discernible change in environmental variables, indicating that these are not the drivers of whale

shark aggregations at SAMPA.
4.2 Limitations

Spotting whale sharks requires experience and a trained eye, but the high turnover of volunteers at
MWSRP reduces the effectiveness of shark spotting at the beginning of each new volunteer intake.
Rough seas and overcast weather further inhibit spotting sharks, as well as limiting search effort to
calmer areas of the study site. Moreover, weather conditions are made more challenging by the SW
monsoon, restricting search effort to the South and East. Consequently, the encounter data utilised in
this study should be considered an underestimate of whale shark populations and density throughout

SAMPA.

Search effort was not consistent over the study period with search effort records showing
contradictions between days off and shark encounter days. Subsequently, search effort was based on
a record of time in and out of the field. With a consistent record of search effort each day, a more
precise measure of mean shark encounters per day could be calculated. Subsequently, mean sharks

per day in this study is likely an underestimate.

Whale sharks are known to possess the largest inner ear in the animal kingdom, far larger than those
of whales (Muller, 1999; Rowat & Brooks, 2012) and research at Ningaloo reef has shown that upon
hearing the sound of tourist vessels, some sharks dive to deeper waters to avoid encounters (Martin,

2007; Sanzogni et al, 2015). The research vessel used by the MWSRP is relatively slow and noisy and
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may deter sharks, disturbing their thermoregulation and reducing the perceived density of whale

sharks at SAMPA.
4.3 Conclusions

SAMPA provides favourable conditions for whale sharks, with warm sea surface temperatures,
unrestricted bathymetry (appendices, figure 15) and peaks in prey abundance due to spawning fish
and acropora corals (Loch et al, 2002). Furthermore, sharks showing wounds and scars from
opportunistic bites from predators are seldom seen (pers.obs), whilst commonplace at neighbouring
atolls (I. Shameel, pers.comm, Project Coordinator, Olive Ridley Project). As 86% of sharks observed
at SAMPA are immature (Riley et al, 2010), these factors show SAMPA to be an attractive site for

juvenile sharks, allowing them to feed and grow whilst avoiding predation.

The environmental and biological variables analysed affect the year round aggregation of whale sharks
at SAMPA, but they are not the primary drivers of whale shark site fidelity. Although chlorophyll a may
contribute to increased prey abundance, and was found to be significant in this study, it does not
explain the consistent presence of whale sharks in the MPA. Anderson et al (2011) has shown that
during the NE monsoon, currents flow towards the West of South Ari Atoll, causing upwelling, whereas
during the SW monsoon currents flow East, causing upwelling towards the eastern side of the atoll.
From the density maps created it appears sharks are following these nutrient rich upwellings and that
they may act as a driver of whale shark aggregations at SAMPA. In order to confirm the factors
affecting whale shark aggregations and distribution at SAMPA, new areas of data collection and

further research are needed.

A tagging programme was initiated by the MWSRP in 2009, however it was met with strong criticism
from the local community. If enough support could be garnered from local communities, the tagging
of whale sharks would provide details of their horizontal and vertical movements around SAMPA
(Wilson et al, 2006). Until this occurs, the growing database and popularity of the Big Fish Network

(BFN) continues to provide a non-invasive, albeit less reliable, method of tracking whale sharks in the
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region. Another area of potential research could focus on the mesopelagic prey items of whale sharks,

their abundance, vertical migrations, and potential as motivators of whale shark aggregations at

SAMPA.

Ultimately, SAMPA urgently needs a management plan and regulation enforcement to ensure that its
year round population of whale sharks are conserved for the future, allowing for the continued

research of this intriguing population.

Word count (excluding figures, legends, acknowledgements and references): 5000
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Figure 14: Map of SAMPA with detailed coordinates from which the MPA template was created using GIS (SAMPA, 2017).
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Figure 15: Bathymetry of the South Ari Atoll region
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Figure 16: Typical position of environmental stations A, B and C. GPS locations where environmental variables are recorded
daily, weather permitting, in addition to those recorded during shark encounters. The environmental data collected at the
above sites were used to determine environmental and biological conditions present during days with no R. typus

encounters.
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Figure 17: Chlorophyll a concentrations at SAMPA. Chlorophyll a was calculated by utilising the SAMPA template to extract

all chlorophyll a values within the study site from which a mean was calculated for each eight-day composite.
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Figure 18: Whale shark encounter form displaying the environmental variables collected during each encounter
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Figure 19: Current speed showing a significant negative relationship with mean sharks per day (Current speed 1 =1.73, 2 =

1.48,3=0.87, 4 = 0.88).
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