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ABSTRACT
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Thesis for the degree of Doctor of Philosophy

RESIDENCY AND TROPHIC ECOLOGY OF JUVENILE WHALE
SHARKS (Rhincodon typus) IN THE WESTERN INDIAN OCEAN

Clare Elizabeth Mary Prebble

The whale shark (Rhincodon typus) is the largest fish in the world, and while whale sharks are
popular, charismatic megafauna supporting a major tourist industry, the global whale shark
population has decreased by >50% in the past decade. Whale sharks are now listed as Endangered
on the IUCN Red List of Threatened Species. Effective conservation of whale sharks depends on

accurate and reliable information describing their trophic and spatial ecology.

Whale sharks are found in predictable aggregations in certain coastal and island areas in the
tropics and subtropics, presumably for feeding. “Whale shark season’ typically lasts for a short
period at each site, and is often associated with an ephemeral food source, with individual sharks
present for varying lengths of time. Conservation assessment of whale sharks through their entire
range is difficult due to limited knowledge of their behaviour following dispersal from these coastal
aggregation sites, as well as the poor understanding of their movements and geographical

connectivity on a timeframe that is relevant to management.

Whale sharks are relatively rare, oceanic, pelagic animals. The difficulty of observing the
behaviour of mobile animals at sea, particularly in the open ocean, has encouraged the use of
indirect biochemical methods to infer aspects of trophic and spatial ecology. Stable isotope analysis
of consumer tissues provides a useful tool to investigate the retrospective movement and trophic

ecology of mobile animals, and fatty acid analysis provides further information on diet.

In this thesis I use stable isotope and fatty acid markers coupled with direct data on residency
and movement of known individual whale sharks, derived through photo-identification to examine

the trophic and spatial ecology of three male-dominated whale shark aggregations in the Western



Indian Ocean and Arabian Gulf. I have assembled samples from 186 individuals, representing an

estimated 7 to 55% of all individuals in their respective aggregations.

Comparing the isotopic composition of whale shark tissues with known isotopic latitudinal
gradients in diet, paired with long-term photo-identification data, I demonstrate limited latitudinal
movement of individual sharks between important whale shark feeding aggregations in
Mozambique, Tanzania, and Qatar. The relatively large isotopic dataset allows the first realistic
assessment of isotopic niche breadth in whale shark feeding aggregations. Based on these results, I
argue that eastern African and Arabian whale sharks should be treated as separate management

units until their functional connectivity is shown to be significant.

For the Tanzanian sharks, I have applied both stable isotope analysis and fatty acid analysis
to this comparatively resident aggregation over a multi-year timescale. Stable isotope analysis
indicates that the sharks forage primarily within the local food web. Fatty acid results show
epipelagic feeding, and population-level responses to seasonal environmental changes. However,
highly distinctive lipid class compositions within the local food web also suggest preferential
routing of lipids in whale shark tissues. Preferential routing of essential fatty acids may be an
unrecognised source of variance in elasmobranch dietary ecology, particularly filter feeding

elasmobranchs, which urgently requires further study.

Lastly I have used stable isotope analysis and dietary mixing models to investigate the
coastal and offshore habitat use of an unseasonal whale shark aggregation in Mozambique. Here,
isotope results suggest that whale sharks are feeding primarily on epipelagic zooplankton, and the
sharks’ presence is tied to ocean-scale dynamics, with possible dietary contributions from
epipelagic and deep-water sources. Mixing models imply the existence of an un-sampled dietary

item, potentially from offshore, oligotrophic waters and / or dietary routing in whale sharks.

Obtaining information on mobile marine animals is challenging. I also discuss the uses and
limitations of stable isotope analysis techniques applied to whale sharks over varying spatial and
temporal scales. I have shown that stable isotope analysis when used in conjunction with other
methods can prove a valuable tool to shed light on their trophic and spatial ecology, but that
interpretation of biochemical data is challenging particularly in the absence of experimental studies

validating physiological and biochemical assumptions.
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Chapter 1 Introduction

1.1 Project Overview

In this thesis I describe investigations into the trophic and spatial ecology (trophic geographgy) of
whale sharks (Rhincodon typus) at their major feeding areas in the Western Indian Ocean. In this
introduction I will summarise basic knowledge on the ecology of whale sharks, indicating
methodological complexities associated with gathering information on this enigmatic species. I
then outline the principle tools used in this thesis: stable isotope and fatty acid biomarker analysis

before describing the geographic context of my study sites.
1.2 Whale Sharks

1.2.1 Introduction

Whale sharks are the world’s largest extant fish (Chen et al. 1997) and have a circumtropical
distribution (Rowat & Brooks. 2012), extending seasonally into temperate regions (Duffy. 2002,
Turnbull & Randell. 2006). The majority of whale sharks are thought to be found in the Indo-
Pacific (Pierce & Norman, 2016). Since the first description of the species by Smith (1828), little
was known about whale shark biology and ecology aside from stranding locations and fisheries
catches until the 1990s (Rowat & Brooks. 2012). Rhincodon typus belongs to the monotypic family
Rhicodontidae within the Order Orectolobiformes, which has 42 species including Stegostomidae
(leopard sharks), Ginglymostomatidae (nurse sharks), and Orectolobidae (wobbegongs). These
groups share several morphological and anatomical similarities including skeletal anatomy, tooth
and dermal denticle morphology, fin placement and barbel morphology (Compagno 1973). Whale
sharks are one of only three filter feeding shark species, along with the more temperate basking
shark (Cetorhinus maximus), and deep-water megamouth shark (Megachasma pelagios). All of
whom have independently evolved this feeding strategy (Sanderson & Wasserug 1993).
Planktivorous elasmobranchs comprise of only 14 species of mainly large-bodied sharks and rays

from 5 genera including other warm water planktivores such as mobula rays.

Despite displaying little evidence of sociality, whale sharks can be found in relatively high
densities at some sites. Areas where several hundred individuals have been documented include,
but are not restricted to, the Arabian Gulf and the Gulf of Oman (Robinson et al. 2016), Ningaloo
Reef in Western Australia (Wilson et al. 2006, Norman, Holmberg, Arzoumanian, Reynolds,
Wilson, Rob, Pierce, Gleiss, de la Parra, et al. 2017), Darwin Island in the Galapagos (Acuia-
Marrero et al. 2014), the Yucatan Peninsula in Mexico (de la Parra Venegas et al. 2011), southern

Mozambique (Norman, Holmberg, Arzoumanian, Reynolds, Wilson, Rob, Pierce, Gleiss, de la
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Parra, et al. 2017), various sites in the Philippines (Schleimer et al. 2015), and Mahe in the
Seychelles (Brooks et al. 2010, Rowat & Brooks. 2012).

Although whale sharks are now a comparatively well-studied elasmobranch (Stevens, 1986,
Colman. 1997, Martin. 2007, Rowat & Brooks. 2012), details of their basic ecology remain elusive,

such as breeding behaviour.

1.2.2 Ontogenetic Habitat Use

Reliable coastal feeding aggregations have provided researchers with an opportunity to predictably
locate the species, which was formerly viewed as sparse, oceanic and difficult to study. Whale
sharks can commonly be found at a small number of these coastal, seasonal aggregation sites where
they exploit ephemeral bursts in productivity and food availability, such as fish spawning events
and zooplankton blooms (Heyman et al. 2001, Meekan et al. 2006, 2009, de la Parra Venegas et al.
2011, Rowat et al. 2011, Rohner 2012, Robinson et al. 2013, 2016, Rohner, Armstrong, et al.
2015a), in an otherwise oligotrophic ocean environment. Aggregation sites appear to be
characterised by shallow, relatively warm waters close to steep topographic features (Copping et al.
2018). The topographic contrasts may encourage upwelling-related productivity in shallow waters,
or provide thermoregulatory compensation in warm waters allowing deep diving into cold
mesopelagic layers (Brunnschweiler et al. 2009). The overwhelming majority of coastal
aggregation sites are characterised by populations of whale sharks showing pronounced sex- and
size-based segregation, dominated by juvenile males, with an average total length (TL) of all sharks
of 4-8 m (Rohner, Richardson, et al. 2015, Norman, Holmberg, Arzoumanian, Reynolds, Wilson,
Rob, Pierce, Gleiss, de la Parra, et al. 2017). This suggests that there are strong ontogenetic and
sex-specific habitat or dietary shifts in place for the species. Based on clasper morphology, male
length at maturity is between 7-9 m (Rohner et al. 2011, Rowat et al. 2011, Rowat & Brooks 2012,
Rohner, Armstrong, et al. 2015a, Robinson et al. 2016), with some variation between geographic
regions (Pierce and Norman 2016). Size at maturity of female sharks is approximately 9 m TL
based on visual and laser photogrammetric measures and assumed pregnancy status based on visual

outside examination of their bellies (Ramirez-Macias et al. 2012, Acufia-Marrero et al. 2014).

Until recently, large whale sharks have been particularly elusive as they are generally absent
from the coastal aggregation sites. Now, larger sharks are have been found in oceanic waters
(Ketchum et al. 2012) with some evidence they are targeting different prey, or foraging in different
habitats (Borrell et al. 2011). A feeding area at Al Shaheen in Qatar is dominated by mature male
sharks, with a small number of adult females seen (Robinson et al. 2016). Darwin Arch in the
Galapagos Islands boasts seasonal sightings of pregnant female sharks (Acufia-Marrero et al.
2014), and there are seasonal sightings of pregnant females in the Gulf of California (Ramirez-
macias et al. 2012). Both mature male and pregnant female sharks have been observed at St Helena

Island in the Atlantic (Clingham, Brown, et al. 2016).

2
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1.2.3 Breeding and Reproduction

Little is known about whale shark breeding and reproductive life history (Rowat & Brooks 2012).
Large pregnant females are rarely sighted in most areas (Eckert & Stewart 2001, Ramirez-macias et
al. 2012, Acufia-Marrero et al. 2014, Clingham, Brown, et al. 2016) and the only pregnant whale
shark that has been physically examined was a single female caught off Taiwan (Joung et al. 1996).
This female had 304 pups in her uterus in various stages of development ranging from 42-64 cm in
length. The larger pups were free of their egg cases and appeared fully developed. This remains the
largest litter size reported for any shark species (Joung et al. 1996), and indicated that whale sharks
are aplacental viviparous. Genetic analysis of the pups showed that there was likely to have been a
single father (Schmidt et al. 2010), suggesting that females may be able to store sperm. Whale
shark pups are likely to vary considerably in size at birth, and can be viable anywhere from 46 cm
(Aca & Schmidt 2011). Only a handful of whale sharks <1.5m have been reported from the wild
(Rowat & Brooks 2012) so it remains unclear whether whale sharks have specific pupping areas.
Reproductive periodicity is also unknown, as re-sightings of pregnant females are rare even in
areas where they are observed (Norman, Holmberg, Arzoumanian, Reynolds, Wilson, Rob, Pierce,

Gleiss, de la Parra, et al. 2017)

1.2.4 Feeding Ecology

The whale shark is one of only three filter-feeding shark species, all of which are among the
largest extant marine vertebrates. Whale sharks are the largest (Che-tsung et al. 1997),
followed by the more temperate basking shark (Cetorhinus maximus), and the deeper-water
megamouth shark (Megachasma pelagios). Whale sharks have a pad-like filtering apparatus
that differs from the basking and megamouth sharks, which have a more bristle-like gill rakers
(Martin & Naylor 1997, Sims 2008). Whale sharks are able to passively ram feed or actively
feed by suction depending on circumstance (Motta et al. 2010). This enables them to target
more mobile prey while remaining well-suited to exploit dense prey aggregations (Rohner,
Armstrong, et al. 2015a). Whale sharks target a wide variety of prey items including sergestid
shrimp (Rohner, Armstrong, et al. 2015a), tuna spawn (Robinson et al. 2016), copepods,
chaetognaths, euphausiids, fish larvae (Motta et al. 2010) and various other surface
zooplankton species (Rowat & Brooks 2012), as well as small schooling fishes (Rowat &
Brooks 2012). The whale sharks’ feeding system allows a lot of flexibility in prey choice, and
they can ‘catch’ anything from < 1.2 mm fish eggs up to > 100 mm long baitfish (Heyman et
al. 2001, Motta et al. 2010). However, prey biomass rather than prey size is likely to be the
main driver behind feeding behaviour (Heyman et al. 2001, Rohner, Armstrong, et al. 2015a).
Feeding, especially active feeding, is energetically costly, and a threshold prey biomass may
need to be reached to trigger feeding to ensure a net energy gain (Rohner, Armstrong, et al.

2015a, Armstrong et al. 2016). Whale sharks have also demonstrated learned feeding
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behaviours in response to anthropogenic activities. Whale sharks in Oslob, Philippines have
learned to be hand fed ‘uyap’, a mixture of fish and shrimp, as a tourist attraction (Thomson et
al. 2017), and the sharks will target lift-nets of fishermen in Cenderawasi Bay, Indonesia where

they ‘suck’ the small baitfish out of the holes in the nets (Himawan et al. 2015).

Previous biochemical and stomach content analysis on whale sharks has also inferred
that a component of whale shark diet may also derive from deep-water sources and emergent
zooplankton (Rohner, Couturier, et al. 2013). Stomach contents of four stranded sharks from
Mozambique and South Africa were dominated by mysids and sergestids. The dominant
mysids were demersal zooplankton that migrate into the water column at night, suggesting
night time feeding. Fatty acid analysis of whale shark dermal connective tissue had high levels
of bacterial fatty acids, inferring a detrital link potentially via dermersal zooplankton. Fatty
acid profiles also showed high levels of oleic acid in whale sharks similar to zooplankton and
myctophid fishes from the meso- and bathypelagic zone, suggesting foraging in deep-water
(Rohner, Couturier, et al. 2013). Deep-water resources could be an important resource for

whale sharks during longer open-ocean movements where their food is patchily distributed.

Whale sharks are opportunistic feeders and show a wide range of individual variability
in feeding preferences within seasons and across time. Fatty acid analysis of whale sharks in
Western Australia showed a considerable amount of intraspecific variability in whale shark
fatty acid profiles within aggregations and between years of study (Marcus et al. 2016)

suggesting that they were feeding over a wide range of habitats.

Isotope analysis of whale shark tissues indicates some ontogenetic and sexual
differences in feeding behaviour (Borrell et al. 2011, Marcus 2017). Whale sharks from
Gurjurat, India showed similar overall isotope signatures to local planktivorous fishes
suggesting they were feeding on similar prey. However there was a positive relationship
between total length and both 8"°N and 8"C, indicating that either the larger sharks might be
feeding at a higher tropic level overall, and / or in different locations. Additionally there were
small differences between the isotopic ratios of male and female whale sharks. While the sex
difference was not significant in Gurjurat sharks, a similar trend was reported in whale sharks
from Western Australia (Marcus 2017) supporting the idea of sex-related feeding preferences.
Though the size range was smaller for the whale sharks in Western Australia, Marcus (2017)

also reported similar size-related feeding preferences, especially in females.

1.2.5 Tourism

The docile nature, charismatic status and predictable occurrence of whale sharks has spurred
on the development of popular and lucrative ecotourism industries in several countries (Rowat

et al. 20006, Pethybridge et al. 2007, Cagua et al. 2014, Haskell et al. 2014, Pierce & Norman
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2016). Whale shark tourism can benefit developing countries, and the resulting high economic
value has also encouraged varying levels of protection (Cagua et al. 2014, Graham 2003).
However, if left unregulated, disturbance of the sharks by snorkelers and boats can lead to
short-term stress, as evidenced by the sharks exhibiting avoidance behaviours (Pierce et al.

2010b, Haskell et al. 2014).

1.2.6 Genetic Population Structure

Current knowledge on long term, global scale connectivity of whale shark populations is based
largely on genetic work (Castro et al. 2007, Schmidt et al. 2009, Vignaud et al. 2014) which has
found a lack of spatial population structure between the Indian and Pacific ocean basins, but with
some separation of the Atlantic subpopulation. The last tropical connection between the Atlantic
and Indo-Pacific oceans was 3.5 million years ago, before the rise of the Isthmus of Panama.
Vignaud et al. (2014) proposed that connectivity and breeding between these ocean basins has
since been infrequent enough to allow genetic drift (i.e. connectivity of less than a few individuals
every 2-4 years). Genetic structure is not significant among aggregations within the Indo-Pacific,
which led to the suggestion that an ocean basin wide conservation strategy is required (Castro et al.
2007, Schmidt et al. 2009). Although gene flow is sufficient to standardise populations, it is
unlikely to be enough to re-establish populations (Schmidt et al. 2009). Therefore this timescale of
connectivity may be too long to consider in isolation for management purposes of this endangered
species. Monitoring regional scale movements of individual fish is therefore an important, and
perhaps more relevant part of a practical conservation strategy as there is potentially some

population structure yet to be identified.

1.2.7 Conservation Status

As well as ecotourism, the predictable occurrence of whale shark aggregations has led
to directed fisheries (Che-tsung et al. 1997, Speed et al. 2008, Ramirez-Macias et al. 2012,
Araujo et al. 2014). While most of the major commercial fisheries have now closed, chiefly
due to economically unsustainable reductions in catches, fishery and trade management is still
required (Pierce & Norman 2016). Their surface-feeding habit, and the proximity of most
aggregations to the coast, have also left the species susceptible to human threats such as boat

strikes and net entanglements (Robinson et al. 2013, Rohner, Richardson, et al. 2018).

Declines in sightings and catch per unit effort have been reported from both the
Atlantic (>30%) and Indo-Pacific (>50%). These data, combined with the slow growth rates
and late maturity of whale sharks have resulted in an “Endangered” listing on the [IUCN Red
List for the Indo-Pacific subpopulation, and globally (Pierce and Norman 2016). Their high
mobility has also led to a listing on Appendix I on the Convention on Migratory Species (CMS
2017).
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Although whale sharks benefit from better international protection, on paper, than most
shark species, significant gaps remain in our understanding of their biology and ecology. This
makes the identification and management of separate geographical stocks difficult at present,
and little is known on the movement and occurrence of whale sharks while in pelagic waters

(Rowat & Brooks 2012), and the threats they may face there (Pierce and Norman 2016).

1.2.8 Horizontal Movements

Whale shark movements have been tracked using a number of approaches, although as with the
majority of whale shark research, attention is largely focussed on coastal juvenile aggregation sites.
Short term movements, swimming patterns, and site residency have been examined using active
acoustic tracking (Gunn et al. 1999), and passive acoustic arrays (Cagua et al. 2015). Satellite
tagging (Berumen et al. 2014, Robinson et al. 2017, Rohner, Richardson, et al. 2018) has
demonstrated significant geographical movements of whale sharks away from feeding areas and
across international boundaries from national Exclusive Economic Zones (EEZ) into the high seas
(Berumen et al. 2014, Tyminski et al. 2015). Satellite tagging has recorded median horizontal
movement rates of 24-38 km per day (Hueter, Tyminski, & de la Parra 2013, Hearn et al. 2016).
Although whale sharks are clearly capable of travelling 1000’s of kilometres away from
aggregation sites they show high site fidelity to many of these aggregations and are often re-sighted
in subsequent years, for up to 20 years in some cases (Norman and Morgan 2016). Individuals
rarely swim between neighbouring feeding hotspots (Brooks et al. 2010, McKinney et al. 2017),

but rather return to the same site each time (Norman et al. 2017).

1.2.9 Diving Behaviour

Whale sharks spend most of their time in the epipelagic zone (0-200 m), and much of the daytime
in the top 10 m of water (Rowat & Brooks 2012), but have also been recorded diving up to 1928 m
deep (Tyminski et al. 2015). Thus, whale sharks also dive to mesopelagic (200-1000 m) and
bathypelagic depths (>1000 m) tolerating temperatures down to 2.2°C (Wilson et al. 2006), though
little time is spent at these depths. There is evidence of crepuscular and diel patterns in diving
behaviour showing that generally greater depths are reached during the daytime as opposed to night
time, and this behaviour is sometimes reversed in shallow water (Brunnschweiler & Pratt 2008,
Motta et al. 2010, Tyminski et al. 2015, Ramirez-Macias et al. 2017). Diving behaviour appears to
change abruptly at dawn and dusk (Wilson et al. 2006, Tyminski et al. 2015). The purpose of these
deep dives made to mesopelagic and bathypelagic depths is unclear, but is suspected to be related
to feeding or foraging behaviours, especially when crossing the open ocean with low productivity
oligotrophic waters (Brunnschweiler & Pratt 2008, Tyminski et al. 2015). Deep diving could also
relate to geomagnetic navigation (Brunnschweiler et al. 2009), and energy saving locomotion by

gliding slowly down and forward with no effort followed by steep ascents (Gleiss et al.) Although
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electronic tagging technology is continuously improving, some challenges still remain. There are
usually a small number of individuals in tagging studies, relative to population size, largely as a
result of the expense of hardware and satellite time. High rates of tag loss and early detachments
also remain common (Hays et al. 2007, Hammerschlag et al. 2011, Sequeira et al. 2013). Most tags
only allow us to infer behaviours (Tyminski et al. 2015, Rohner, Richardson, et al. 2018), although
multi-sensor tags are increasingly being used, some with integrated cameras (Gleiss et al. 2011).
These limitations of telemetry studies mean that an integrated approach is needed to fully
understand the feeding ecology of whale sharks in environments where they cannot be directly

observed.

1.2.10 Ecological Role

Whale sharks inhabit a lower trophic position than most shark species (Christiansen et al. 2015)
and are thus not keystone predators. Although few species-specific data on the role of whale sharks
in ocean ecosystems are available, inferences can be made from ecologically comparable marine
megafauna species, such as baleen whales (Estes et al. 2016). Whale sharks are likely to influence
the marine system as consumers, as prey, as detritus, and through energy storage and transport
(Estes et al. 2016). Whale sharks consume large quantities of biomass (Motta et al. 2010, Rohner,
Armstrong et al. 2015a, Tyminski et al. 2015). The large size of whale sharks, along with their
extensive vertical and horizontal movements suggest that whale sharks would be important vectors
transporting energy, nutrients, and other materials through ocean ecosystems (Estes et al. 2016). In
areas that are resource-limited, phytoplankton growth is encouraged, perpetuating energy and
growth up the food chain (Estes et al. 2016). After death, whale shark carcasses will sink to the
seafloor where they would likely provide food and habitat for deep-sea organisms (Higgs et al.
2014, Estes et al. 2016). Given the inherently short-lived nature of vent systems, whale falls, and
thus whale shark falls, are likely to also be important stepping-stones in the spatial ecology of the

deep sea (Estes et al. 2016).

The role of pelagic species in cycling nutrients between the surface and the mesopelagic is
greater than previously thought (Roman & McCarthy, 2010, Saba & Steinberg, 2012). With the
ever-increasing commercial interest in deep-sea resources there is a need for a greater
understanding of how deep diving pelagic species, like whale sharks, interact with and impact the

mesopelagic food web, and vice versa (Anderson et al. 2018a).

1.3 Methods

From the discussion above it is clear that gathering information on the trophic and spatial ecology
of whale sharks is challenging. Away from juvenile aggregation sites whale sharks are presumably

highly dispersed in the open pelagic ocean, potentially feeding at depth, and encounters are rare.
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Breeding and nursery sites are unknown and the location and ecology of females and adult males is
poorly understood. Life history ecology of whale sharks cannot be understood purely from direct
observation, and a range of indirect methods are needed to infer aspects of movement and trophic
ecology. In this section I briefly introduce three methods used in this thesis: Photo identification,

stable isotope analysis and fatty acid analysis.

1.3.1 Photo-Identification

Photo-identification (photo-ID) is often used as a method for long term population monitoring of
whale sharks (Graham & Roberts, 2007, Holmberg, Norman & Arzoumanian, 2009, Brooks et al.
2010, Norman et al. 2017). Whale sharks possess unique and stable skin colouration patterns on
their dorsal surfaces (Arzoumanian et al. 2005, Marshall & Pierce 2012), allowing accurate
identification and recognition of individuals across time and space. This method of mark-recapture
has been used to assess population structure and inter-annual abundance at several feeding areas,
including Mozambique and Western Australia (Brooks et al. 2010, Rohner et al. 2013, Cagua et al.
2015), and to assess the occurrence and scale of individual-level interchange among feeding sites
(Brooks et al. 2010, McKinney et al. 2012, Andrzejaczek et al. 2016, Norman et al. 2017,
Robinson et al. 2017). Photo-ID is an easy to execute, low cost and non-invasive technique, and
facilitates the sampling of many individuals giving a more robust conclusion for population scale
movements. A review of global photo-ID data revealed a high rate of fidelity of individual whale
sharks to aggregation sites and very low levels of movement (Norman et al. 2017) despite the
established capabilities to do so (Sequeira et al. 2013, Berumen et al. 2014, Tyminski et al. 2015).
The analysis included over 30,000 whale shark encounters with reports ranging from 1992 to 2014.
Data were collected from 54 countries with more than 6000 individual whale sharks identified.
Examination of the global scale photo-ID data revealed high site fidelity among individuals, with
limited movements of sharks between neighboring countries and no records of large ocean basin-
scale migrations. Photo-ID data has also been used to generate residency models and investigate
residency patterns within and between aggregation sites (Whitehead 2001). Photo identification
has been used to estimate individual residency times in the Gulf of California, and the Philippines
(Ramirez-macias et al. 2012, Araujo et al. 2014) and other places including Ningaloo in Western

Australia, where a more than 20 year re-sighting was recorded (Norman & Morgan 2016).

A caveat of using photo-ID is spatial bias, as work is often focused at aggregation sites
where whale sharks are readily seen, but spend a relatively small proportion of their time. Almost
all aggregation sites are seasonal and individuals are often transient (Rowat et al. 2009, 2011, Fox
et al. 2013). As such, photo-ID data should not be considered in isolation when investigating the

whole geographic range of a population.
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1.3.2 Stable Isotopes as Biological Tracers

Biochemical ‘tags’ offer a cost-effective complement to photo-ID data. Some light, structural
elements such as carbon, nitrogen and sulfur have naturally occurring stable isotopes, and in
general the heavier isotopes are far rarer in the biosphere than the lighter isotopes. Heavy and
light isotopes of an element behave differently in biochemical reactions due to the higher
activation energy associated with bond formation and bond cleavage for heavier isotopes.
Consequently heavy and light isotopes react at different rates, leading to kinetic fraction in
biosynthetic reactions that do not proceed to completion such as photosynthesis. In marine
ecosystems this means that there is a natural variation in the ratios of heavy to light isotopes in

phytoplankton across the global ocean and among different ecosystems (Hobson 1999).

The isotopic composition of primary production at the base of the food chain
environment is transferred through food webs, as individuals foraging in specific
environments incorporate the temporally and spatially averaged isotopic composition of their
prey. Retrospective analysis of the isotopic composition of organisms is therefore useful in
trophic and movement ecology studies as it is a reflection of their food sources, giving time-

integrated information on the assimilated diet (Graham et al. 2010).

The stable isotope composition of nitrogen and carbon (expressed as 8'°N and §'"°C
values respectively) are predominantly used as trophic and spatial markers in the marine
environment as they vary dynamically in space and time as a result of changing environmental
variables (Trueman et al. 2012). Stable isotope studies can be used in multiple ways, and on
different spatial scales to infer retrospective behaviour about a consumer. Within a food web,
8"°C values are traditionally used to provide information on location or nutrient sources, while
8"°N values are often used primarily to infer trophic level. However diet source, location and
trophic level influence both §"°C and 8'"°N values, and the relative importance of these driving

variables differs among ecosystems and consumers.

During trophic interations biosynthesis of nitrogen containing excretion products (e.g.
urea, ammonia, uric acid) favours the light isotope of nitrogen ('*N) so that the remaining
consumer body N pool is relatively enriched in the heavier isotope of nitrogen (‘°N) compared
to the assimilated food. The relationhsip between the isotopic composition of nitrongen of a
consumer’s tissue and its diet is termed ‘trophic enrichment’ and the absolute difference
between the consumer and the prey is the trophic discrimination factor (TDF), expressed in
per mil units (8"°N). TDF for N vary among consumers but compilations of experimental
studies yield mean values of approximately 3.4%o0 (Post 2002). It is well known that TDF’s
vary systematically among consumers, most likely linked to the simlarity in amino acid
composition between a consumer and its prey, so that herbivores and omnivores tend to have

higher TDF than carnivores and especially pisciverous fishes (Hussey et al. 2013, McMahon
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et al 2010). Accurate estimation of TDF requires controlled feeding studies, which are difficult

to achieve in large, slow growing organisms such as whale sharks.

Within food webs, stable isotopes of carbon show little trophic enrichment with alteration of
~0-1%o between trophic levels. Consumer 8"C values are therefore commonly assumed to
closely represent the source of primary productivity (Davenport & Bax 2002). Large
differences in 8'°C values among consumers are interpreted as reflecting feeding in food webs
fuelled by different primary production types, for example inshore and benthic habitats, as
mangrove systems show more enriched §"°C values compared to offshore pelagic habitats
(Hobson et al. 1994, Hobson 1999, Tanakaa et al. 2009). Inshore habitats generally have
higher nutrient content and are therefore more productive. This is usually a result of detrital
carbon input from benthic algae and sea grass, and can be enhanced by upwelling and
phytoplankton blooms (McMahon et al. 2013). 8"°N values too can vary significantly on
smaller spatial scales through the addition of terrestrial anthropogenic nitrogen sources, such
as fertilisers and agricultural waste. The resulting eutrophication can cause an increase in
productivity, followed by denitrification and a more enriched 8"°N signal (McMahon et al.

2013).

A

0"]

e
Figure 1.1  Schematic demonstrating the trophic enrichment of 5"°C and 5'°N values in a marine food-web.
8"C values in phytoplankton are predominantly controlled by the concentration and

isotopic composition of dissolved CO; and phytoplankton growth rates, both terms highly

dependent on sea surface temperature (SST). Consequently 3"°C values in phytoplankton
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broadly vary with latitude with increased spatial gradients at high latitude regions (e.g.
Magozzi et al. 2017). Regions of higher productivity, associated with inshore and upwelling
zones, tend to have increased 8"3C values. In areas where nutrients are not limiting 2C s
preferentially taken up during photosynthesis to maintain high growth rates (Popp et al 1998).
Dissolved CO; is controlled by SST and water stratification. Lower water temperatures can
hold more dissolved nutrients and CO, leading to more negative 8"C values as "°C is
preferentially taken up. Stratification at higher SST can limit nutrient and CO, availability and
with higher growth rates generally leads to more negative 8"°C values. Over ocean-basin
scales this produces a latitudinal gradient. Higher latitude, pelagic ecosystems typically have
much lower 8"C values than inshore lower latitude ecosystems (Cherel & Hobson 2007,

Graham, Koch, Newsome, Mcmahon, Aurioles, et al. 2010, Jaeger et al. 2010).

Broadly speaking, spatial patterns in phytoplankton 8'°N values are controlled by
nitrate (NO3’) source size and composition, isotopic composition of the ambient water column,
and the degree of NO; uptake by phytoplankton community. However, nitrogen is present in
the marine environment in multiple forms, and isotopic fractionation occurs when each form is
converted to another. Thus the processes controlling the composition of marine nitrogen
isotopes are more complex than in carbon. These processes are described in detail by

Ryabenko (2013), briefly summarised here.

Nitrogen fixing bacteria (diazotrophs), such as the cyanobacterium 7richodesmium fix
atmospheric N,. During nitrogen fixation the lighter '“N is preferentially incorporated.
However nitrogen fixation has a relatively small isotopic fractionation effect (-2 to +2%o,
(Ryabenko, 2013)), so newly fixed organic nitrogen has 8'"°N values close to atmospheric N by
definition 0%o). Nitrogen fixation is energetically costly, and is inhibited in areas where fixed
nitrogen is high. Therefore fixation is highest in warm, well-lit ocean regions with relatively
low amounts of fixed nitrogen (Montoya 2007, McMahon et al. 2013, Ryabenko 2013).
Marine diazotrophs are thought to be limited by light, and potentially iron sources (Somes et
al. 2010). As such nitrogen fixation is highest in warm, well-lit ocean regions rich in
atmospheric iron (Somes et al. 2010). The subtropical Atlantic Ocean in particular appears to
be a region of relatively intense nitrogen fixation, and therefore relatively low 8"°N values in

POM.

Where fixation adds nitrogen to the oceanic N pool, it is balanced by the loss of nitrogen through
denitrification. Denitrification largely occurs in sub-oxic conditions where microbes use nitrate
(NOy) instead of O, during respiration. Nitrate is converted to gaseous N,O and N, which escape
to the atmosphere (Somes et al. 2010). Denitrification strongly discriminates in favour of '*N, with
a fractionation factor of ~20-30%o, leading to enrichment of °N in the remaining dissolved nitrate
pool. Dentrification predominantly occurs in oxygen minimum zones of the eastern tropical North

Pacific, the eastern tropical South Pacific and the northern Arabian Sea.
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Phytoplankton can assimilate nitrogen (either as ammonium, nitrate or nitrite) directly from
the water column and preferentially incorporate '*N (Graham et al. 2010). Nitrification is the
oxidisation of reduced ammonia (NH,") to nitrite (NO,’) and nitrate (NO3") with varying isotopic
fractionation effects. The isotopic effect associated with nitrification is greatest in ammonia-
oxidising bacteria (~14.2 to 38.2%o (Casciotti et al. 2010)), compared to nitrite-oxidising (-12.8%o).
The combined kinetic isotopic effect of nitrification from ammonia to nitrate may vary depending
on the external conditions and microbial community, but a global average isotope effect associated
with nitrate assimilation is frequently estimated at 5%o (Somes et al. 2010). The processes above
combine to produce systematic variations in spatial distributions of 8"°N values, with nitrate-rich
upwelling areas followed by nitrification. Spatial patterns are also determined by the ambient
isotopic composition of regions before upwelling. The Atlantic waters, and particularly sub-tropical
Atlantic waters are characterised by relatively low 8"°N values, reflecting high rates of nitrogen
fixation, balanced by relatively positive 8'"°N values in the eastern Pacific and northern Arabian Sea

associated with denitrification.

Ideally, to be able to infer information about a consumer’s movement or migration
their isotopic composition needs to be compared to both the sampling location, and if they are
not consistent, a spatially explicit reference to determine possible foraging locations. Sampling
on ocean basin scales, and in the open ocean in general, is logistically difficult. The
mechanisms of large-scale isotopic variation and oceanographic environmental variables
models can instead be used to predict variability in space and time (Magozzi et al. 2017).
These spatially explicit isotopic gradients are called ‘isoscapes’ (Graham, Koch, Newsome,

Mcmahon, Aurioles, et al. 2010) and can be used to study animal migrations.
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Figure 1.2 Adapted from McMahon et al 2013. Figure shows modelled 5"°C and §"°N isoscape for the

Atlantic Ocean.

Thus 8"°N and 8"°C values in consumer tissues can, depending on their application, can
be used to investigate within food web trophic ecology and dietary preferences, small-scale
habitat preferences and residency, and large ocean basin scale movements. However, working
with isotopes in the marine environment is inherently challenging because of the many
complex variables influencing the baseline isotopic signature over large geographical scales
(Graham et al. 2010, Trueman et al. 2012), coupled with uncertainty introduced by
biochemical fraction within food webs and potential movement of consumers and prey among
isotopically distinct regions or over time. As 8"°N and 8"°C vary over such large scale and
changeable ocean features there are currently very few spatio-temporal isoscape models for
the world’s oceans (Trueman et al. 2012, McMahon et al. 2013). Despite this limitation,
broad-scale patterns in "°N and 8"C isotopes can still provide a useful tool in mapping the
long term movements of mobile marine species (Reich et al. 2007, Carlisle et al. 2012, Cherel
& Hobson 2007, Trueman et al. 2012), and stable isotope analysis (SIA) has already been used
successfully to investigate different aspects of trophic and spatial ecology for several marine
species (McMahon et al. 2013) including whale sharks (Borrell et al. 2010). There are

nevertheless additional considerations when interpreting data from elasmobranchs.
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1.3.3 Applying stable isotope analysis to elasmobranchs

The challenges of SIA interpretation extend beyond the temporal changes in baseline SI
profiles. Researchers must also consider species and individual level differences in metabolic
strategy, tissue turnover rates and sample preparation (Dalsgaard, St. John, et al. 2003, Caut et

al. 2009, Trueman et al. 2012, Marcus et al. 2016) when using and interpreting isotopes.

Within an organism, lipids are depleted in '>C relative to proteins and carbohydrates,
resulting in more negative 8"°C values, so variation in lipid content of sampled tissues can
introduce bias and misinterpretation of results. This can be dealt with either chemically, before
analysis, or mathematically afterwards (Post et al. 2007a). The benefit of mathemaical
normalisation is that it reduces variables and preserves the samples for 8'°N analysis, which is

not affected by lipid content.

Urea is an additional issue that needs consideration when dealing with elasmobranch
tissue samples. Elasmobranchs have a unique physiology compared to other marine
vertebrates, notably the retention of urea and trimethylamine oxide (TMAO) in their tissues
for osmoregulation (Olson 1999). Urea is a waste product of metabolism and as such is
expected to be enriched in '“N. So high concentrations of nitrogenous waste in tissues,
especially muscle tissue, can influence and artificially depress 8'°N values if it is not removed
(Hussey et al. 2010, Shiffman et al. 2012). An additional problem related to urea retention is
that any mathematical correction for lipids is based on the CN ratios which would also be
influenced by the urea concentration. Urea concentration differs among species, individuals
and between tissues (Hussey, Olin, et al. 2012). There is no one size fits all solution, and the
best solution depends on the relative amounts of urea to lipid in the tissue. The standard
method for removing urea from elasmobranch tissues is water-rinsing (Mathew et al. 2002).
Any chemical treatment has the potential to alter the bulk isotope composition. So ideally
controlled experiments applying multiple treatments must be carried out for each tissue type
and species. A combination of (1) raw water washed and lipid extracted, (2) water washed and
mathematically corrected, and (3) just mathematically corrected to determine the species- and

tissue-specific effects on bulk 5"°N.

Diet tissue discrimination factors (DTDF) are the change in isotopic signature between
prey and predator, or between tissues within an individual (Peterson & Fry 1987, Kim et al.
2011). Using appropriate DTDF’s are important to avoid inaccurate conclusions (Logan &
Lutcavage 2010b). DTDF’s are species-specific, and probably specific to individuals, but few
controlled feeding studies have been done with elasmobranchs, mainly because of the
logistical and ethical challenges (Olin et al. 2013). Therefore, researchers currently use a
proxy from the most ecologically similar elasmobranch, but elasmobranchs are diverse, and

using proxies incorrectly can alter interpretation of a species’ ecological role (Olin et al.
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2013). Currently the most frequently used DTDF for planktivorous elasmobranchs are from a
controlled feeding study on three leopard sharks (7riakis semifasciata) (Kim et al. 2012), and
a semi-controlled study on a large large lemon shark (Negaprion brevirostris) and sand tiger
sharks (Carcharias taurus) (Hussey et al. 2010). The DTDF for leopard sharks has been used
in isotope studies of whale sharks (Marcus 2017), and other large planktivorous
elasmobrnachs such as manta rays (Cortes 1999, Borrell et al. 2011, Couturier, Rohner,
Richardson, Marshall, et al. 2013, Burgess, Guerrero, Richardson, et al. 2018). However
leopard sharks, lemon sharks, and sand tigers are all high trophic level, predatory sharks and
do not reflect the feeding ecology or tropic position of large planktivores. As a lower tropic
level species large pelagic planktivores are likely to have larger fractionation values with
larger associated error (McMahon et al. 2010). By using the DTDF of a higher tropic level
species tropic level estimates within food webs could be inflated and thus be misleading in

tropic ecology studies.

Isotopic turnover rate is another parameter that needs to be carefully considered, as it
will estimate the time frame over which assimilation has occurred. Isotopic turnover is defined
as the time taken to incorporate newly assimilated dietary C and N into newly formed tissue,
including the contribution of C and N from catabolism of existing tissue. Isotopic turnover
rates are therefore shorter n juvenile fast growing animals where turnover is dominated by
tissue growth, and slower in older animals where turnover rates may be dominated by
catabolism and regeneration of tissue. The time scale of isotopic integration is set by the tissue
type and the species-specific cell turnover rate (Matich et al. 2011, Trueman et al. 2012, Kim
et al. 2012). For the same reasons as DTDF, few values have been estimated for
elasmobranchs from controlled experiments, but generally metabolically active tissues like

blood and liver have faster turnover rates than muscle and cartilage (MacNeil et al. 2005).

1.34 Fatty acids as a dietary tracers

Direct observation of feeding events of consumers, especially marine consumers, is rarely
possible. Indirect methods are broadly used to reconstruct diet. As a complementary method to
SIA, fatty acid (FA) signatures can also be used as an indirect method of assessing dietary
preferences and trophic ecology. Fatty acids represent a large group of molecules that together
comprise the majority of lipids found in all organisms. They are extremely diverse and their
quantities and patterns in organisms are used in many areas of research, ranging from human

health, nutrition and metabolism to ecosystem structure (Budge et al. 2006).

Much like SIA, the concept of fatty acid trophic markers is based on the observation
of marine primary producers laying down recognisable fatty acid profiles that are transferred
to — and conserved in — primary consumers with little modification (Iverson 2009). Most

higher trophic-level marine animals lack the ability to synthesise some FA (hence termed
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essential fatty acids), especially the long-chain polyunsaturated fatty acids (PUFA). Therefore,
the source of these FA in the tissues of the predator must have originated from, and thus
reflects some aspects of, their diet. In marine systems the major primary producers at the base
of the food web are microalgae, which support pelagic, offshore, and benthic foodwebs
(Parsons 1963, Lalli & Parsons 1997) and have long been proven to synthesise PUFA de novo
(Bell & Tocher 2009, Monroig et al. 2013). Hetrotrophic protists (Lee Chang et al. 2011),
bacteria (Johns & Perry 1977, Russell 2013), and more recently invertebrates (Monroig et al.
2013) are also able to synthesise a specific array of PUFAs. The FA profile of the marine
environment is driven by the biomass and species composition of the primary producers,
which is in turn determined by larger ocean processes. The diversity and unique origins of
these FA has allowed us to quantitatively look at marine ecosystem structure and diet
composition (Budge et al. 2006, Iverson 2009). To reconstruct the likely long term diet and
trophic ecology of the predator we can look at the types and quantities of essential fatty acids
in their tissues and compare this to known prey items. Using FA profiles in conjunction with
SI analysis we can start to tease apart the spatial and food source effects of wide ranging

animals which are not easily accessible over most of their spatial and temporal distribution.

1.3.5 Lipid composition in marine fishes

Most marine fish store their lipids in the form of neutral lipids that generally reflect diet (Dalsgaard
et al. 2003). Polar lipids often have a structural role in the cell membrane and are linked to
physiological changes and requirements within the body (Ackman, 1998, Lands, 2009). As cell
membrane structure is fairly specific, polar lipids are more stable within individuals and conserved
relative to diet. Neutral lipids, of which the most common storage group in vertebrates are
triacylglycerols (TAG), can be preferentially stored or routed to different tissues depending on
requirements and external conditions. PUFA compositions in fish can change in response to
environmental conditions such as salinity and temperature (Cordier et al. 2002), and dietary lipid
FA composition (Copeman et al. 2002, Fountoulaki et al. 2003). The consumer tissues then reflect
this and will show particular FA occurring in lower or higher proportions as a result (Copeman et

al. 2002, Castell et al. 2003, Fountoulaki et al. 2003, Hessen & Leu, 2006).

Marine fish are generally known for their high levels of ®3 PUFA in the context of human
nutrition (Tanakol et al. 1999). They have especially high proportions of docosahexanoic acid
(DHA) and eicosapentaenoic acid (EPA) originating from marine phytoplankton (Kolakowska et al
2002). FA analysis has been used successfully to provide insight into food web structure and
nutrient flow in marine environments (Iverson 2009), but like SIA, tissue type, sample handling

and storage, and careful interpretation need to be planned (Budge et al. 2006)..
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1.3.6 Applying biochemical analyses to study whale shark ecology

As discussed above, whale sharks are elusive animals and dierct observation of individuals can
only provide limited insights into feeding and spatial ecology. Both FA and SIA analysis can be
powerful tools to reconstruct the trophic and spatial ecology of large, highy mobile, species like the
whale shark. Ideally this requires analysis of multiple individuals within several populations over
time, coupled with individual data and movement behaviour. In the final section of this
introduction I outline the geograhic context of my study sites and the whale shark aggregations

found there.

1.4 Study sites

1.4.1 Tanzania

Mafia Island in Tanzania is a small island offshore from the mainland Rufiji river delta. It is
roughly 50 km long and 15 km wide. The main town, Kilindoni, is on the southwestern side of the
island. Kilindoni Bay is mostly shallow (<30 m deep) with a wide intertidal zone (~1 km) and
mangroves line most of the bay (See Figures 2.3 & 4.1). Kilindoni Bay is home to a relatively
small aggregation of whale sharks (Cagua et al. 2015, Rohner, Armstrong, et al. 2015a) with 189
sharks identified in Tanzania in the Wildbook for Whale Sharks online database (April 2018, S.
Pierce pers. comm.) This aggregation is unique as at least some non-provisioned sharks are present
year-round. Results from acoustic tagging and field survey work have shown a clear seasonality to
their habitat use and movements within the bay (Cagua et al. 2015). During the ‘peak’ season from
October to January whale sharks can be seen close inshore feeding on dense patches of large
sergestid shrimp (Belzebub hanseni) (Rohner, Armstrong, et al. 2015a). Whale shark sightings here
are closely tied to the presence of these dense zooplankton patches (Rohner et al. 2015a). The
whale sharks share the bay with local fishermen who use ring nets to catch the small planktivorous
fishes that also feed on these dense sergestid patches. Whale sharks regularly become encircled in
these nets. Field observations indicate that fisher whale shark interactions are common and usually
end without any harm to the sharks, although many whale sharks have injuries from the some of the

few harmful interactions with the fishers (pers. obs.).
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Figure 1.3 Aerial photograph of Killindoni Bay, Maifa Island. Credit: Dr Simon J Pierce.

14.2 Mozambique

Tofo Beach (Praia do Tofo) is a small coastal village in the Inhambane province of Mozambique
(See figures 2.1 & 4.1). The continental shelf is narrow along this coast, exposing inshore waters to
eddy-driven oceanographic processes (Rohner et al. 2018). To date, there are over 700 individual
whale sharks identified in this aggregation (Wild Book www.whaleshark.org). Unlike other
aggregations there is no distinct seasonality for sightings (Rohner et al. 2013). However, there has
been a significant (79%) and continuing decline in sightings since monitoring work began in 2005
until 2011 (Rohner et al. 2013b), and to the present (Rohner unpubl. data). Aerial surveys and
electronic tagging show whale sharks spend a lot of their time in shallow coastal waters where they
are threatened by an increasing number of gill nets (Rohner et al. 2017). Movement patterns
suggest that the predominant reason for remaining in coastal waters is to target high productivity
areas, presumably for feeding (Rohner, Weeks, et al. 2018), but whale sharks are not often seen
surface feeding in the area around Tofo Beach during the day (Haskell et al. 2014). Whale sharks
have been a focal species for marine tourism in Praia do Tofo and adjacent areas for many years,
and are an important source of income for the area (Pierce et al. 2010a, Tibirica et al. 2011, Haskell

et al. 2014), yet the species remains unprotected in the country.

Figure 1.4 Aerial photograph of Tofo Point and Tofo Bay, Mozambique. Credit: Dr Simon J Pierce.
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1.5 Thesis Aims and Objectives

Whale sharks are an enigmatic, iconic, and globally endangered species. The Indo-Pacific whale
shark subpopulation, in particular, has shown worrying decreasing population trends (CMS, 2017,
Pierce & Norman 2017). Effective management and conservation of such a highly mobile species

requires a detailed understanding of their trophic and spatial ecology (Simpfendorfer et al. 2011).

Whale sharks are now listed on several international treaties, but several signatory countries
do not have any in-country protective legislation in place. While this is not ideal, researchers have
an opportunity to provide data to help develop effective legislation and conservation strategies. In
countries where tourism has developed around the whale sharks, their economic value can also be
used a leverage to engender legal protection. This is particularly pertinent for the Indian Ocean
subpopulation which is most at risk. In this study the focus will mostly be on two aggregations in
the Western Indian Ocean where whale sharks are currently not protected and where ecological

data are most valuable and needed.

This project has been designed to examine the trophic and spatial ecology of whale sharks at
two major aggregation sites in the Western Indian Ocean: Tofo Beach in Mozambique, and Mafia
Island in Tanzania. Data from photo-ID and biochemical analysis of tissues will be applied in
different ways to investigate habitat use and residency, and aim to identify appropriate management
units over broader spatial scales. I will investigate whether the application of biochemical methods
in addition to complementary techniques can bring new knowledge about the habitat use of specific

aggregations of sub-equatorial African whale sharks. Specific aims are as follows:

* Chapter 2: I will use the latitudinal isotopic gradients present across the Indian Ocean and
long-term photo-ID datasets to examine connectivity between aggregations and determine
whether whale sharks in the southern and central areas of the Western Indian Ocean, in
Mozambique and Tanzania, and those from the Arabian Gulf (Qatar), comprise a single
functional subpopulation. I have submitted a revised manuscript (minor revisions) and expect

publication of this chapter soon in Marine Ecology Progress Series.

* Chapter 3: I will use both stable isotope analysis and fatty acid analysis in conjunction to
investigate the trophic ecology of whale sharks at Mafia Island, Tanzania. I will determine
how much their seasonal inshore habitat use contributes to their overall dietary intake, in the
context of the resident sharks’ long-term site fidelity to this location, and what each method

can tell us about their feeding ecology.

* Chapter 4: I will examine the trophic ecology of whale sharks in Tofo, Mozambique using

stable isotope analysis and dietary mixing models to determine if whale sharks are specifically
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targeting coastal surface upwelling zones for feeding, as tagging data suggest, or if they are

more likely to feed elsewhere, such as in deeper water or at night.

* Chapter 5: I will explore the global interactions of deep diving pelagic species with
mesopelagic resources, with a view to highlighting the broad-scale ecosystem influence
they are likely to have and the importance of their inclusion in future deep-sea research

and legislation.

Chapters 2—5 have been prepared as manuscripts for journal submission so there will be some

overlap between this introductory chapter and the respective introductions and methodologies.
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Chapter 2 Limited latitudinal ranging of juvenile
whale sharks in the Western Indian Ocean suggests

the existence of regional management units

2.1 Abstract

Assessing the movements and connectivity of whale sharks Rhincodon typus through their range is
difficult due to high individual mobility and limited knowledge of their behaviour following
dispersal from coastal aggregation sites. Here, we use a large set of photo-identification and stable
isotope data (8"°N and & C) to test the assumption that sharks frequenting aggregation sites in
Mozambique, Tanzania, and Qatar are a mixed stock, as inferred by genetic data. Photo-
identification revealed negligible connectivity among aggregation sites, and none between the
southern and central areas of the Western Indian Ocean (Mozambique and Tanzania) and the
Arabian Gulf (Qatar). Sight-resight data indicated that shark movements at each site could be best
represented by a model that included emigration, re-immigration and some mortality or permanent
emigration. Although there was high individual variation in the isotope profiles of sharks from each
location, comparison with latitudinal isotope data suggest that sharks had shown site fidelity to
within a few hundred kilometres of each study area over the period of isotopic integration. Given
the endangered status of whale sharks, and regional differences in anthropogenic threat profiles,
further studies — and conservation assessment efforts — should consider the possibility that whale

shark subpopulations exist over smaller geographical scales than previously documented.

2.2 Introduction

Successful species conservation requires an accurate assessment of ecological connectivity among
geographically separated subpopulations (Worboys et al. 2010, Dubois et al. 2016). If a change in
environmental or anthropogenic circumstances threatens a species in a particular location, this

should be considered with reference to the entire geographical range inhabited by the species
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(Juinio-Meiiez 2015). If a subpopulation is truly isolated, any local threat may result in decline and
local extinction (Johnson et al. 2015), while interconnectivity means that emigration and an
eventual shift in area utilisation could occur instead (Lima et al. 1996). Temporal aspects to
connectivity also exist. A subpopulation can still decline to local extinction, even if genetic
connectivity exists on a long term, multi-generational timescale, in the face of a fast-acting threat
(Ciach 2015). Hence it is important to examine both long-term (genetic) and short-term (ecological,
subpopulation-level) connectivity. Investigating the spatial ecology of a species can indicate where
functional population units and movement corridors may require specific management (de la Torre

et al. 2016).

Marine populations are commonly structured as a ‘metapopulation’, where loosely-
connected subpopulations are linked by the exchange of individuals (Dubois et al. 2016).
Understanding this connectivity continues to be a major focus for highly mobile marine species, as
large spatial scales often need to be considered for their management (Hays et al. 2016). The
movement ecology of the whale shark Rhincodon typus (Smith 1828), the world’s largest fish, has
proven to be a complex topic. Whale sharks are predictably observed in a small number of specific
coastal areas and islands scattered through the tropics and subtropics (Rowat & Brooks 2012,
Rohner et al. 2015a), where in many cases they are clearly targeting ephemeral bursts of
productivity (Rowat & Brooks 2012). However, only certain life-stages tend to be present at these
sites, with local population structure typically biased towards juvenile males (Rohner et al. 2015,

Robinson et al. 2016)

Whale sharks have been targeted by fisheries in several countries (Alava et al 1997, Pravin,
2000, Anderson & Waheed, 2001, Hsu et al. 2012), which has led to significant population decline
and a 2016 “Endangered” listing on the IUCN Red List for both the Indo-Pacific (IO)
subpopulation and the global population, and listings on Appendix II of both the Convention on
International Trade of Endangered Species and the Convention on Migratory Species (Pierce &
Norman 2016). Whale sharks are long-lived, slow-growing, and late to mature (Hsu et al. 2014,
Norman & Morgan 2016) and as such are particularly vulnerable to other human threats, such as
boat strikes and non-targeted catches in gillnet and tuna purse-seine fisheries (Speed et al. 2008,
Pierce & Norman 2016, Li et al. 2012). Though several countries offer national or territory level
management measures for whale sharks (Pierce & Norman 2016), the species remains unprotected
in most Western Indian Ocean (WIO) range states, including all three countries explicitly
considered in this study. At the same time, however, swimming and diving with whale sharks is a
multi-million dollar tourism industry, and is popular within several WIO countries (Jones et al.

2009, Pierce et al. 2010a, Cagua et al. 2014, Ziegler et al. 2015).

The Western Indian Ocean region is a global stronghold for whale sharks with several
identified coastal and offshore aggregations (Davis et al. 1997, Pravin 2000, Cliff et al. 2007,
Jonahson & Harding 2007, Riley et al. 2010, Rowat et al. 2011, Akhilesh et al. 2013, Robinson et
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al. 2013, 2016, Rohner et al 2015a, Cochran et al. 2016). Broadly speaking, WIO coastal sites are
classically dominated by juvenile male whale sharks, with larger individuals assumed to favour
more offshore habitats as seen in the Atlantic and Pacific Oceans (Borrell et al. 2011, Robinson et
al. 2013, Clingham, Webb, et al. 2016, Ramirez-Macias et al. 2017). Large-scale population
genetics studies on whale sharks have found no defined structure within the Indo-Pacific region,
indicating that such aggregations are broadly connected over evolutionary time scales (Castro et al.
2007, Schmidt et al, 2007, Vignaud et al. 2014, Sigsgaard et al. 2017). However, over shorter
periods, connectivity studies using photo-identification (Brooks et al. 2010, Andrzejaczek et al.
2016, Norman et al. 2017) and satellite tags (Rowat & Gore 2007, Brunnschweiler et al. 2009,

Berumen et al. 2014, Robinson et al. 2017) have found minimal connectivity between these areas.

Photo-ID is routinely used for monitoring whale shark population structure, abundance and
connectivity (Graham & Roberts, 2007, Holmberg et al. 2009, Brooks et al. 2010, Norman et al.
2017). The unique and stable skin colouration pattern of whale sharks (Arzoumanian et al. 2005,
Marshall & Pierce 2012) allows individual sharks to be identified and re-identified over decadal
time-scales (Norman & Morgan 2016, Norman et al. 2017). Photo-ID also represents a
comparatively simple and inexpensive means of sampling a large number of individual sharks
(Robinson et al. 2016, Norman, Holmberg, Arzoumanian, Reynolds, Wilson, Rob, Pierce, Gleiss,
de la Parra, et al. 2017). However, there is significant spatial bias in most whale shark photo-ID
datasets, as studies often focus on aggregation sites where whale sharks may be readily seen, but in
which they may spend a relatively small proportion of their time (Rowat et al. 2009, 2011, Fox et
al. 2013). Although maximum likelihood methods can be used to account for temporal variation of
effort in the data (Whitehead 2001), whale sharks are typically not available for “visual recaptures”
outside aggregation sites in which there is either dedicated research or citizen science activity
(Cagua et al. 2015, Rohner et al. 2017). When considering population-level connectivity, then, it is

prudent to combine these photo-ID data with a sightings-independent method.

Biochemical “tags” offer a cost-effective complement to other methodological approaches.

The ratio of heavy and light stable isotopes of certain elements vary spatially within ecosystems
(Hobson 1999). Stable isotope composition of nitrogen and carbon (expressed as 8'°N and §"C
values, respectively) are typically used in the marine environment as they vary dynamically in
space and time (Graham et al. 2010, Trueman et al. 2012). These isotopic gradients can be mapped
over a range of geographic scales to produce “isoscapes” (Graham et al. 2010). The isotopic
composition of baseline production is transferred through the food web in a predictable manner,
allowing the retrospective assignment of consumers’ feeding areas (McMahon et al. 2013, Trueman
et al. 2017). Isotopes are therefore useful in residency and movement studies, as it is a reflection of

the location of their food sources (Graham et al. 2010).

This study tests the hypothesis that predominantly juvenile and or male whale shark

aggregations are localised and show low connectivity between three major whale shark
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aggregations in the Western Indian Ocean: Tofo Beach, Inhambane province, in southern
Mozambique, ~1, 800 km north at Kilindoni Bay, Mafia Island, Tanzania: and ~4, 000 km north
again to Al Shaheen oil field off Qatar in the Arabian Gulf (Figure 2.1). The population ecology of
whale sharks in these three study areas has been previously documented. The Inhambane coast
hosts 4-9 m total length (TL) sharks, biased towards males (74%) (Haskell et al 2014, Rohner et al.
2015). Whale sharks here appear to preferentially use productive coastal waters (Rohner et al.
2017). A significant decline in sightings occurred in the Tofo Beach area between 2005 and 2011
(Rohner et al. 2013) and appears to have continued until 2016 (Pierce & Norman 2016). Mafia
Island is home to a smaller group of resident whale sharks (Cagua et al. 2015). Population structure
here is similar to that in Mozambique, with a bias towards male sharks (89%) and a size range of 4-
10 m TL (Rohner et al. 2015). The Qatar aggregation is around 90 km offshore (Robinson et al.
2013, 2016, 2017). Photo-ID and sat-tagging studies have concluded that these sharks are largely
resident to the Arabian Gulf and Gulf of Oman and are predominantly mature males (Robinson et
al. 2016, 2017). Median male TL at Al Shaheen is larger (8 m) than in Mozambique or Tanzania,
with more mature individuals present, although the overall size range is similar at 4-10 m TL

(Robinson et al. 2016).

Here, we use a large set of photo-ID and stable isotope data to test the assumption that the
sharks frequenting these three separate aggregation sites are a separate management stock. We
demonstrate that there are significant differences in stable isotope ratios and minimal connectivity
among sites, with a pronounced differentiation between sharks in the southern and central areas of

the WIO (Mozambique and Tanzania), and those from the Arabian Gulf (Qatar).

23 Materials & Methods

2.3.1 Study areas

This study was conducted in three whale shark aggregation sites: (1) off Praia do Tofo, Inhambane
province (23° 52°S 35° 33’E), Mozambique (see Pierce et al. 2010, Rohner et al. 2013a,b, 2015a,
2017 in review, Haskell et al. 2014), (2) Kilindoni Bay, Mafia Island, Tanzania (7.29° S 39.65° E )
(see Cagua et al. 2015, Rohner et al. 2015a,b), and (3) the Al Shaheen Oil field, 90 km off the coast
of Qatar in the Arabian Gulf (26.6°N, 51.9°E) (Robinson et al. 2013, 2016) (Figure 2.1). Photo-ID
and stable isotope data of whale shark dermal connective tissue were collected at all three sites.
Stable isotope date were compared to known isotopic gradients in the Western Indian Ocean using
data from goose barnacles (Lepas anatifera) (Lorrain et al. 2014) along with yellowfin (Thunnus

albacares) and skipjack tuna (Katsuwonus pelamis) (Sardenne et al. 2016).
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Figure 2.1 Map of the east coast of Africa and Arabian Sea. (A) The position of our three study sites in the
western Indian Ocean, (B) the Al Shaheen whale shark aggregation in the Arabian Gulf, (C)
Mafia Island off the coast of Tanzania: and (D) Praia do Tofo on the coast of southern

Mozambique.

2.3.2 Ethics Statement

Work in Mozambique was carried out with the full knowledge and approval of the Maputo Natural
History Museum. All samples from Mozambique were exported (CITES Export MZ0260/16, and
permission from the Maputo Natural History Museum), transported (APB Ref:
U1246053/APB/OTHER) and imported (CITES Import 550360/01, DEFRA Authorisation No:
ITIMP16/1049) into the UK for analysis. In Qatar work was approved by, and carried out in
conjunction with, Qatar Ministry of Municipality and Environment (QMMOE). Work in Tanzania

was conducted with approval from the Tanzanian Commission for Science and Technology
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(COSTECH) (#2015-165/6-NA-2015-161). All samples from Tanzania were exported (CITES
Export #30015 / Special export licence Fisheries Development Division) and imported (CITES
Import #552057/01) into the U.K. under the same APB/DEFRA licences as Mozambican samples.
Project ethics approval came from the Research and Governance Department at the University of

Southampton (#13918).

2.3.3 Photo-identification

Individual whale sharks were identified using underwater photographs of the body region
immediately posterior to the gills (Arzoumanian et al. 2005). These images were uploaded,
processed using a pattern matching algorithm to identify individual sharks, and stored on the online
database Wildbook for Whale Sharks (www.whaleshark.org). Each ‘encounter’ is here defined as
one sighting per identified shark per day. Estimated total length (TL) and sex were determined
(based on the presence or absence of claspers, as per Rohner et al. 2015a) where possible. Data
were from the earliest encounter record for each study site until the 31 December 2015. Neither
standardised nor concurrent sampling across the sites were possible due to differences in the

seasonality and accessibility of the aggregations.

The Wildbook for Whale Sharks database was used to obtain the total number of encounters
and identified individuals for each study site along with sex and size metadata. Pairwise
comparisons were made between each of the study sites to identify individuals that had been
identified in both. Sighting data were used to assess the lagged identification rate within study sites
(R (Whitehead 2001). Lagged identification rate represents the probability of re-sighting
identified individuals over increasing time periods, here measured in days (Whitehead 2001). Eight
models of lagged identification, each representing a hypothetical population with varying
combinations of immigration, emigration, re-immigration and mortality, were fitted to the
empirical data. The Akaike information criterion (AIC), or quasi-AIC (QAIC) for over-dispersed
data, was used to compare these models to identify the best fit at each site (Whitehead 2007).
Parameter estimates with 95% confidence intervals and standard error were generated for Ry, by
bootstrapping data 100 times (Buckland & Garthwaite 1991). These analyses were conducted using
the movement module in SOCPROG 2.6 (Whitehead 2009). These were the first calculations of
this kind for the Tanzanian and Mozambican aggregations, and updated previous calculations from

Qatar (Robinson et al. 2016) with 2015 sightings data (an additional 192 encounters).

2.34 Biopsy sample collection and chemical analysis

Dermal connective tissue biopsies of live, unrestrained whale sharks were taken in Mozambique

(2011-2013), Tanzania (2012-2014), and Qatar (2012-2014) (Summary in Table 2.1). First, sharks
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were individually identified and sexed (as above). Samples were taken using a hand spear with a
modified tip that extracted biopsies laterally from between the first and second dorsal fins. Samples
were stored on ice in the field. Upon the recommendation of multiple elasmobranch isotope studies,
including whale sharks (Kim & Koch 2012, Hussey, Olin, et al. 2012, Burgess & Bennett 2016, Li
et al. 2016, Marcus et al. 2017), samples were rinsed in fresh water to remove any possible
contaminants and excess urea. The upper dermal denticle layer was then separated from the white
connective tissue layer in each sample. This deeper connective tissue layer was frozen onsite and
used for all further analyses. We also collected red muscle samples from local, non-migratory,
planktivorous fishes in Mozambique and Tanzania to represent isotopic conditions at the collection
site. This was not possible in Qatar. All samples were from halfbeaks Hemiramphus spp. fishes.

Ten samples were collected from Tanzania, and nine from Mozambique.

Site Males Females Sex UK ID UK Repeats Total TL estimate
Mozambique 40 8 2 0 18 68 500-800 (608 +79)
Tanzania 61 13 4 9 110 188 500-900 (712+ 117)
Qatar 22 4 1 9 10 48 400-800 (597 + 99)

Table 2.1 Number of whale shark samples collected, of each sex and unknown sex (Sex UK), at each study
site, and the number of repeat samples taken from individuals and unknown individuals (ID

UK), total length estimate (TL) range (mean + S.D).

Samples were frozen and transported to the University of Southampton, UK, where they were
freeze-dried and homogenised prior to analysis in an EA 1110 elemental analyser, linked to a
Europa Scientific 2020 isotope ratio mass spectrometer at OEA Laboratories Cornwall. Raw data
were corrected using the reference materials USGS40 and USGS41 (glutamic acid from USGS
Reston USA). An internal QC material bovine liver standard (NIST 1477a) was used to monitor the

precision of the instrument. Precision was on average 0.21 per mil for both C and N.

Isotope ratios are expressed per mille (%o) deviations from the reference materials VPDB and

air for "°C and 8"°N values respectively.

Elemental C:N ratios for water washed whale shark connective tissue shark samples were
similar and relatively low in each study site (Mozambique: 2.65+ 0.24 S.D. Qatar: 2.94+ 0.24 S.D.
Tanzania: 2.89+ 0.26 S.D.) and matched lipid extracted CN ratios for similar tissues from
Australian whale sharks (Marcus et al. 2017). No chemical treatment was undertaken to remove
lipids, and analytical results were not adjusted to correct for lipid contents. During the sampling
period we collected more than one, and up to four samples, from 0 — 1063 days apart. The first
sample of every individual was analysed. Then, assuming a half-life (isotope turnover rate) of 30

days, we also kept any samples from the same individuals that were taken greater than five half
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lives (> 150 days) after the initial sample. After five half- lives the sample would then contain only
~3% of the sample before and can thus be considered independent. Planktivore samples from
Tanzania had sufficiently high C:N values to merit mathematical lipid correction (Post et al. 2007b)
(3.52 = 0.2), while Mozambican planktivore samples did not (3.1 + 0.04). Lipid removal is a
complex, species- and tissue-specific issue in stable isotope analysis (Post et al. 2007b). As it was
not possible within this study to calculate pre and post lipid removal values for each sample type,
we applied a lipid correction factor to the bulk Tanzania planktivore 3"°C data (Kiljunen et al.
2006). To assess within-sample variance in whale shark tissues, we ran five repeat samples from
the same biopsy for three individuals, respectively, two from Mozambique (Wildbook IDs MZ-013
and MZ-607) and one from Qatar (Q-073).

2.3.5 Stable isotope analysis

Differences and patterns between study sites were investigated for 8"°N and 3"°C bulk values. The
mean, standard deviation, and range of §'°N, 8"°C, and estimated TL values for each study site were
calculated. All data were tested for normality using a Shapiro-Wilk test. Bartlett’s test was used to
compare homogeneity of variance between the study sites. Within-sample variance of the three
chosen samples was compared to overall variance at each site. Box, residuals, and Q-Q plots were
created to visualise any outliers and patterns in variance. ANOVA (normally distributed data) or
Kruskal-Wallis (non-normally distributed data) tests were then performed on data to examine
between site, between sex, and TL differences. Any missing values for sex or estimated TL were
not included in the analysis. Post-hoc Tukey HSD (normally distributed data) or Nemenyi (non-
normally distributed data) tests were used to explore the pairwise comparisons with significant p-
values. Linear regression models were applied to test the effects of estimated TL on 8'"°N and "°C

values.

Published and established isotopic gradients in the Western Indian Ocean were used to
spatially assess the whale shark isotope data. 8"°N and 8"C isotopic data from yellowfin tuna
(Thunnus albacares) and skipjack tuna (Katusuwonus pelamis) were taken from Sardenne et al
(2016). Barnacle 3"°N data from Lorrain ef al 2014 were used as a proxy for 8'°N baseline values
across latitude. For a generalised representation of baseline values of 8"°C across latitude, we
extracted predicted bulk phytoplankton 3"°C values from an isotopic extension to the NEMO-
medusa global biogeochemical model (Magozzi et al. 2017). Model data were averaged by latitude

in 5° increments from -30° to 30° latitude in this region.

A tissue conversion factor (dermal connective-muscle) was applied to the bulk whale shark
data to allow for direct comparisons to the tuna and barnacle isotope values. We used a figure of -
2.5%0 for 8"°C values. This figure was arrived at after consideration of results from tissue
comparisons of an ecologically similar species, the reef manta ray Mobula alfredi (Couturier,

Rohner, Richardson, Marshall, et al. 2013), paired samples from the blue-spotted mask ray
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Neotrygon kuhlii (Burgess & Bennett 2016) and results from this study for three whale shark
samples that contained both muscle and dermal connective tissue (Table 2.2). As the sample sizes
for these species were all small, we also considered published values for silky Carcharhinus
Jalciformis and blue sharks Prionace glauca (Li et al. 2016) currently the only study that compares

band muscle tissue in sharks.

M. alfredi N. kuhlii R. typus
Muscle (n) 11 5 4
Skin (n) 6 5 4
8°C
Muscle -174+£0.49 -1438 + 1.13 -16.35+ 147
Skin -1455+0.81 -12.1 £ 1.38 -13.86 £ 1.52
Difference -2.85 -2.28 -2.49
0N
Muscle 895+ 1.1 12.34 + 1.07 11.14 £ 1.14
Skin 8.89+1.09 13.64 = 1.07 973+12

Difference 006 (-2.13-2.25) -13(-346-0.86) 142(-091-3.75)

Table 2.2 Bulk isotope values for all muscle and dermal connective tissue per species, mean + standard
deviation. Difference between tissue types and the range given the calculated standard
deviation. Mobula alfredi (Couturier et al. 2013), Neotrygon kuhlii Burgess et al (2016) and

whale shark results from this study.
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M .alfredi R .typus
1D Difference 1D Difference
oC 8SIA 2.7 Q118 -3.1
10SIA -2.5 Q125 -2.65
18SIA -14 TZ-009 -2.33
27SIA 2.2
32SIA -2.6
-2.28 +0.53 -2.69 +0.39
0N 8SIA -1.2 Q118 2.33
10SIA -1.8 Q125 1.58
18SIA -15 TZ-009 1.58
27SIA -0.8
32SIA -1.2
-1.3+0.37 1.83 +0.44

Table 2.3 Difference between muscle and dermal connective tissue bulk isotope values for paired samples

only. Values in bold are the mean =+ standard deviation. Couturier et al (2013), this study.

Elasmobranch skin tissue is comprised of many layers of collagen fibre bundles, particularly in the
dorsal region where they support the fins (Motta 1977, Meyer & Seegers 2012). The major amino
acid in the type I collagens found in shark skin is glycine, a non-essential amino acid which is
typically *C-enriched compared to bulk protein (McMahon et al. 2010). Consequently collagen is
typically enriched in "“C  (i.e. shows more positive 8"°C values) than muscle protein by
approximately 3-5 per mille (Satterfield & Finney 2002). The offset to connective tissue here is
much smaller than pure collagen, roughly -2.5%.. Whale shark, manta, and masked ray dermal
connective tissues either contain a lower percentage of collagen, or we are seeing some temporal
effects where these tissues are integrating a change in diet at different rates. Even though the data is
limited, and uncontrolled, the ranges of the offsets between individuals of 8"C are still small
(Table 2.3) suggesting the offset is remarkably consistent across individuals. 3"°N values in
collagen are generally indistinguishable from muscle meaning any offset is likely to be because of

temporal effects.

30



Chapter 2
To visually compare the isotopic niche of the whale sharks, we calculated Bayesian ellipses and
convex hulls for each study site (Jackson et al. 2011). We used small sample size corrected
Bayesian ellipses within SIEBER package to account for potential bias between different sample
sizes. Second order polynomial regression models were applied to all datasets to visualise, evaluate
and compare latitudinal trends. All statistical calculations were conducted using the statistics

platform R (R Development Core Team, 2013).

2.4 Results

2.4.1 Photo-identification

Most encounters (n = 2027) and individuals (n = 664) were recorded in Mozambique. Tanzania had
the fewest identified individuals (n = 139), but a comparatively high number of encounters (n =
1282). Qatar had over double the number of identified individuals as Tanzania (n = 437), but with
fewer encounters logged (n = 482). Tanzania had the highest re-sighting rate with 71% of
individuals were seen on multiple sampling days, followed by Mozambique (53%), and Qatar
(46%). Tanzania had the highest percentage observed in multiple years (55%), followed by
Mozambique (44%), and Qatar (35%). All three aggregations were male-dominated, with similar
size distributions in Mozambique and Tanzania, and larger more mature sharks in Qatar (Table
2.4). Qatar sharks had the largest mean TL (TL = 714 cm =% 116 S.D.), with and Tanzania (TL =
603 cm = 94 S.D.) and Mozambique (TL = 605 cm = 76) having smaller and similar mean TL’s.
Sharks from Qatar were significantly larger than individuals from Tanzania (p < 0.001) and
Mozambique (p < 0.001) overall. There was no significant difference in TL between sharks from
Mozambique and Tanzania (p = 0.99). Only two individual sharks were recorded in more than one
aggregation site in this study, both moving between Mozambique and Tanzania, representing
0.25% of the total identified population of both sites. Individuals MZ-129 and MZ-136 were both
first identified in Mozambique, yet both have more numerous and more recent encounters logged in
Tanzania (Table 2.5). Neither shark has been seen in Mozambique following the first sighting in
Tanzania. While not explicitly considered in this study, use of Wildbook for Whale Sharks meant
that sharks in these three study areas were also available for matching with other countries in the
WIO region from which sharks have been submitted. Matches were found between the Tofo area in
Mozambique and South Africa (n = 24), representing 49% of all whale sharks identified in South
Africa, and between Al Shaheen and Oman (n = 9), representing 10% of all sharks identified in

Oman.
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UK Size range

# %
. . . o o
Site  Study period Encounters Identified Male (%) Female (%) %) (mean  SD) Between Between
May 2005 - 432-917cm
Moz Dea!2015 T2027 664 347 (52.3) 137 (20.6) 180 (27.1) (673 £118.8)
(Rohner et al 2015)
Moz <->Tanz 2 0.2491
Dec 2006 420-990cm
Tanz D:z o1 1282 139 109(78.4) 17(12.2) 13(9.4) (641 £133)
(Rohner et al 2015)
Tanz <-> Qatar 0 0
400-900cm
— 690 +124;
Qatar Mgdsdy 870 437 244 (55.8) 110(25.2) 83(19) ( )
Dec 2015 )
(Robinson et al 2016)
Qatar <->Moz 0 0

Table 2.4 Number of identified individuals and total number of encounters at each study site over
the study period. Data compared to establish number of identified individuals seen between study

sites. All data from Wildbook for Whale Sharks (www.whaleshark.org).

Year 2006 2007 2012 2013 2014 2015
Site Shark ID
MZ-129 1 1 3
Moz MZ-136 1
Tanz MZ-129 : 3 5 4
MZ-136 L3 3 7 3

Table 2.5 Total sightings records per year of the only two individuals recorded in both Mozambique and
Tanzania. Dotted line signifies the period between 2007-2012 during which neither shark were

sighted at either study site.

Modelled lagged identification rate for sharks sighted in Tanzania steeply declined from ~1 to ~136
days, down to a LIR of 0, then jumped up again at ~256 days, followed by another gradual decline
(Figure 2.2). The 0 value at ~188 days is an artefact of the seasonal sampling regime rather than an
indication of periodic returns to the area. The best fit model in all cases included immigration,
emigration, and mortality (Table 2.6), and for the Tanzanian data contained an estimated 34.78
sharks + S.E. 3.62 (C.I. 26.5 — 39.7) within the Mafia aggregation on any given day. The estimated
mean residency time in the area was 30.63 days £ S.E. 11.18 (C.I. 10.4 — 49.0), with a mean time
out of the area of 23.9 days = S.E. 8.3 (C.I. 10.6 — 44.7), and a mortality rate of 0.0003 + S.E.
0.00009 (C.I. 0.0001 — 0.0004).

Modelled LIR for sharks sighted in Mozambique steeply declined from day ~1 to day ~16,
then gradually declined to approach 0 at over ~4000 days (Figure 2.2). The best-fit model for
Mozambique was based on QAIC as opposed to AIC values as there was over-dispersion in these
data. The model produced an estimate of 50.6 sharks + S.E. 11.8 (C.I. 30.6 — 68.5) within the study

area on an average day. The mean residency time in the area was 9 days +£ S.D. 5.03 (C.I. 3.21 -
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20.9), with mean time out of the area of 29.9 days £ S.E. 10.1 (C.I. 15.3 — 48.7), and a mortality
rate of 0.0006 + S.E. 0.00009 (C.I. 0.0005 — 0.0008).

Modelled LIR for sharks sighted in Qatar steeply declined from day ~1 to day ~64, with a
slight increase between day ~64 and day ~256, where there is a secondary peak, followed a gradual
decline beyond day ~1025 (Figure 2.2). The best fit model contained an estimated 115.9 sharks +
S.D. 17.7 (C.I. 83.8 — 151) in the aggregation at any one time. The mean residency time in the area
was 17.5 days + S.D. 9.6 (C.I. 7.00 — 42.2), with a mean time away from the area of 37.54 days +
S.D. 15.7 (C.I. 19.3 — 78.3), and a mortality rate of 0.0004 + S.E. 0.0001 (C.I. 0.0002 — 0.0007).
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Figure 2.2 Lagged identification rate (LIR) for whale sharks in (A) Tanzania, (B) Mozambique, and (C)

Qatar. Modelled from fitted emigration + remigration +mortality rate (mean = S.E.).
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2.4.2 Stable isotope analysis

The stable isotope compositions of all individuals are shown in Figure 2.4. Isotopic niche areas
(Jackson et al. 2011) shows some separation by site although there is partial overlap of the
Mozambique and Tanzania ellipses (Figure 2.4). Mean whale shark dermal connective tissue 3N
values increased from Mozambique (8.1%0 = 0.5 S.D.) to Tanzania (9.4%o0 £+ 0.8 S.D.), and Qatar
(10.2%o = 0.8 S.D.), and the range in 8"°N values was similar between sites between 3-4.2%o. Mean
8"C values in shark dermal connective tissues also increased with latitude Mozambique ('15%o =+
0.3), Tanzania ('14.3% = 0.7), and Qatar ('12.6%0 = 0.2). The range of 8"°C was similar for
Mozambique (2.3%o, range = 16 --13.7), and Qatar (1.8%o, range = "13.7 - "11.9), but sharks from

Tanzania were more variable in 8"°C values (4%, range =16.4 - '12.4).

All 3N data were normal (Mozambique Shapiro-Wilk p = 0.2, Tanzania p = 0.1, Qatar p =
0.07), with equal variance between sites (Bartlett p = 0.1). "°C data were normal for Tanzania
(Shapiro-Wilk p = 0.9), but non-normal for Mozambique (p < 0.05) and Qatar (p = 0.02). Boxplots
of 8"°C by study site identified three obvious outliers: two from Qatar (3 and 2.7 s.d. from the
mean), and one from Mozambique (4.6 s.d. from the mean), driving the non-normal result (Figure
2.3). There were no patterns in residuals or variance. We tested the data using ANOVA including
the outliers as 8"°C values also had equal variance between sites (Bartlett’s p = 0.1) despite the
violation of normality (Underwood 1997). We also tested the data omitting the outliers where 3'°C
data were then normal for all sites: Mozambique (Shapiro-Wilk p = 0.2), Tanzania (Shapiro-Wilk p
=0.9), and Qatar (Shapiro-Wilk p = 0.7). ANOVA results were significant with and without these
outliers, given this and the large deviations from the mean, these three points are therefore

addressed separately, and omitted from further analysis to uphold the terms of normality.
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Figure 2.3 §"°C separated by study site. The central box spans the interquartile range, the middle line denotes
the median, and the whiskers above and below shoe the maximum and minimum values.

Outliers are shown as circles.

Mean 3"°N and §"C (Figure 2.3) values were significantly different between sites (ANOVA: F, ;5
= 68, p<0.001, ANOVA: F,55= 121, p<0.001) respectively. Tukey HSD test results for '°N and
8"C values were significant for all pairwise comparisons, with p<0.001. There were no overall
differences between the sexes for 8°N (ANOVA: Fa0= 1.7: p = 0.2) or 8"°C (ANOVA: F,6 =
3.7: p = 0.3). Estimated total length had a significant effect on both 5"°N (R* = 0.08, 199 d.f. P <
0.001) and 8"C values (R* = 0.23, 199 d.f. P < 0.001), with larger shark dermal connective tissue
being more enriched in "N and *C. However, there was a low explanatory power for both models.
There was also a significant effect of study site on estimated total length (Kruskal-Wallis: X2(25.9),
p < 0.001), driven by Qatar which had the largest sharks, with no significant size difference
between Mozambique and Tanzania (Nemenyi test Qatar-Mozambique: p < 0.001, Qatar-Tanzania:

p <0.001, Mozambique-Tanzania p = 1).
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Figure 2.4 Biplot of 3'"°N and 8'"°C values. Mean values and standard deviations by study site. Ellipses show

40% standard ellipses, polygons show convex hulls.

The Mozambican outlier point (8N = 7.29 and 8"C = -18.5) was a juvenile male shark with
whaleshark.org shark ID number MZ-587 with an estimated TL of 500cm. This individual has only
one sample in this study. He has seven encounters logged on Wildbook between 2011 and the end
of the study period spread evenly throughout this time. Interestingly he had been spotted ~200km

north of Tofo in Vilankulos.

The two Qatari outliers are a female with an estimated TL of 700cm with whaleshark.org
shark ID number Q-128 (8'°N = 8.73 and 8"°C = -14.7) and a juvenile male with an estimated TL of
500cm (8'"°N = 11.17 and 8"°C = -14.47). The female has only been recorded once in Al Shaheen.
The male has been recoded three times between 2011 - 2012. All the outlier sharks have 5"°N

values within 2 standard deviations of the mean for their location.

243 Stable isotopes across latitude

0:N values generally increase with decreasing latitude in barnacles, tuna and sampled whale
sharks. However, datasets are incomplete, and the apparent latitudinal trends could reflect a
relatively abrupt transition to relatively high and invariant 6:N values north of around 10°S

(Figure 2.5).
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0=C values estimated from a isotope-enabled global biogeochemical model show a similar
abrupt increase at around 10S, approximately indicating the transition from South Indian Ocean
and Arabian Sea surface waters. Neither tuna nor whale shark data reflect the predicted changes
in phytoplankton 6+C values (Figure 2.6), both fish groups showing relatively limited latitudinal

variation in 8=C values.

There was a similar overall trend for gradual enrichment of &N and 6-C values with

increasing latitude, with a less pronounced gradient for 6=C values (Figures 2.5 and 2.6).
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Figure 2.5 Plot of 5"°N values by latitude.

All whale shark (closed coloured circles) and planktivore (orange triangles) values are from this study, tuna
data (black open circles) are from Sardenne ef al (2016), and barnacle data (grey triangles) are from Lorrain
et al (2015). 2™ order polynomial models are plotted through barnacle data and a loess smoother plotted

through tuna data.
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Figure 2.6 Plot of 5"°C values by latitude.

All whale shark (closed coloured circles) and planktivore (orange triangle) values are from this study, tuna
data (black open circles) are from Sardenne ez al (2016), and 5"°C averaged model output data (grey
triangles) are from (Magozzi et al. 2017) + S.D. 2™ order polynomial models are plotted through model 5"*C

data and a loess smoother plotted through tuna data.

2.5 Discussion

Whale sharks are undoubtedly capable of making large ocean-scale movements (Hueter et al. 2013,
Norman et al 2016). However, our results from the Western Indian Ocean are consistent with other
whale shark aggregations dominated by juvenile and adult males showing little evidence of broad-
scale dispersal or connectivity between distant feeding sites (Norman et al. 2017). Differentiation
between study sites was shown over a 10-year time-frame for photo-ID, and 2-3 years for SIA.
While modelled shark movement at all three sites was characterised by emigration and re-
immigration, with some mortality or permanent emigration, a significant proportion of individual
sharks displayed feeding site fidelity (Chapman et al. 2015, Robinson et al. 2017). Values for both
015N and 813C differentiated each study site, despite some individual variability within the results.
Although both §13C and 615N enriched with larger estimated total length, as this parameter was
not independent of study site, we do not have enough data to draw any inferences from this result.
The observed ellipse overlap between sharks from Mozambique and Tanzania indicates that sharks
are exposed to similar isotopic conditions, making it impossible to test for regional mixing in the
vicinity of the Mozambique Channel (Jackson et al. 2011), although only two sharks were observed

moving between these sites following extensive survey effort at both locations. The lack of overlap
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between Mozambique and Qatar convex hull and ellipses, coupled with a lack of photo-ID re-
sightings over this area, indicates that they are experiencing different isotopic conditions and
appear to represent different functional populations for management purposes. Photo-ID results
here and previous tagging results (Robinson et al. 2017) show no evidence of connectivity between
Tanzania and Qatar, this suggests that the hull overlap between them is unlikely to represent shared
individuals or resources. More likely this is a result of individual diet choice and the isotopic

signatures of available prey producing similar integrated results in both locations.

Sharks from Tanzania had the largest variability in both '°N and 8'°C, and thus the broadest
overall isotopic niche. Despite the relatively high site fidelity noted in the Tanzanian sharks, they
still move into slightly deeper water in the ‘off’ season (Cagua et al. 2015). Thus some of this
variability is likely to come from foraging in different locations. However the range of 8'"°C isotope
values seen in the Tanzanian sharks is as wide as the latitudinal changes predicted over the whole
latitudinal range of the study (Magozzi et al. 2017). This suggests, based on our current knowledge
of their movements, that the result could reflect a wider variety of isotopic feeding sources being
available in the Mafia Island area, or more individual specialisation in prey types. While visual
observations of feeding and surface sampling has documented that whale sharks feed on sergestiid
shrimp (Rohner et al. 2015a or b) and small baitfish (pers. obs.), high-resolution tracking results

suggest whale sharks switch to prey sources near the substrate at night (Paulsen et al unbubl. data).

Mozambican sharks were more mobile, with a residency time less than a third of that in
Tanzania, double the emigration rate, and the steepest decline in LIR. Mozambique is one of the
only large non-seasonal whale shark aggregations (Rohner et al. 2013), with local abundance at
Praia do Tofo relating at least in part to productivity (Rohner et al. Submitted). Mozambican sharks
had more enriched values for 615N and 613C than the baseline barnacle data, or the 613C model
predictions. This suggests that the sharks in Mozambique are feeding either in more isotopically-
enriched areas, or on more enriched prey sources. While photo-ID results reported in this study
clearly indicate some linkage with South African waters, latitudinal isotope model predictions
indicate that northern South African waters will be less enriched than those further north in the
Mozambican Channel (Magozzi et al. 2017). The northern Mozambican Channel, in particular, is a
notable hotspot for whale sharks (Sequiera et al. 2012). Movement to this region could contribute
to the ellipse overlap observed between sharks from Mozambique and Tanzania, supporting a
hypothesis of some broad-scale resource-sharing. However, results from dietary fatty acid studies
in Mozambican sharks, supported by tracking studies (Brunnschweiler et al. 2009, Rohner et al.
Submitted), have indicated that they feed in deeper offshore waters (Rohner et al. 2013). This could
result in a similar level of isotopic enrichment (Graham et al. 2010). Both theories could also
explain the highly enriched carbon value of the outlier shark from Mozambique if he had recently

arrived in the study site from extended deep sea or offshore feeding. A further, more detailed
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isotopic investigation of the local and mesopelagic food web in Mozambican waters would be

needed to clarify this result.

Qatar is a highly seasonal feeding aggregation (Robinson et al. 2013) with sharks staying for
several months during the peak season (Robinson et al. 2017), and a high mean re-sight rate (41%)
of individuals among seasons (Robinson et al. 2016). The sharks disperse from the Al Shaheen area
outside the tuna spawning season (Robinson et al. 2013, 2016, 2017). Movement model estimates
and isotope values obtained in this study further support these previous results. Borrell ef al. (2011)
used muscle biopsies from whale sharks in Veraval, India, to investigate isotope ecology in
northern Indian Ocean area. Using our tissue enrichment value (2.5%o 8'°C) the Borrell et al.
(2011) values span a corrected range of -12.2%o to -15.4%o, values similar to the raw bulk results
for Qatar, which lies at a similar latitude to Veraval, India, and fall in line with the established §C

latitude gradient (Magozzi et al. 2017).

However, the Borrell et al. (2011) 3"°N values are more enriched than any found in this study.
Borrell et al. (2011) observed that all species in their study had high 8N, possibly due to high
organic pollution, we suggest that the high denitrification which in the Arabian Sea (Sokoll et al.
2012, Gaye et al. 2013) could also result in the observed 8'"°N enrichment. If the sharks seen in the
Arabian Gulf did indeed make frequent feeding forays into the Arabian Sea, undetected by
electronic tagging or photo-ID, we would expect them to have 8"°N values closer to those recorded
from sharks captured in India. The large observed difference between 5"°N of the two locations

suggests this is not occurring with any regularity.

The comparatively enriched 8"°C values of two Qatari outlier sharks suggest they had been feeding
in different isotopic conditions. This raises the possibility that these sharks had recently come from
outside the Arabian Gulf before sampling occurred. Electronic tagging shows sharks predominantly
resident to the Arabian Gulf year-round yet some do venture through the Straight of Hormuz to the
Gulf of Oman and beyond with one female travelling as far as Somalia (Robinson et al. 2017).
Smaller (~5m) whale sharks are not common in Qatar and potentially have different habitats to the
larger mature sharks as they are mostly seen in more coastal areas and into the Gulf of Oman

(Robinson et al. 2016, 2017).

Determining the time frame over which stable isotopes are assimilated (the tissue turnover rate) is
challenging. Turnover rate refers to the time taken to completely replace a specific tissue pool, in
this case to replace connective tissue proteins. These rates are tissue-specific, species-specific and
probably even individual-specific, so they need to be estimated in controlled feeding experiments
(Wolf et al. 2009, Logan & Lutcavage 2010, Kim et al. 2011). The large size and Endangered
conservation status of whale sharks (Pierce & Norman 2016) creates complex logistical, ethical and
financial challenges for whale shark husbandry (Leu et al. 2015, Dove et al. 2011), meaning long-

term controlled feeding studies for whale sharks are unlikely to take place. Few thorough
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controlled feeding studies have been conducted in elasmobranchs, with most focussing on muscle,
liver and blood tissues rather than the dermal connective tissue we collected from whale shark
biopsies (MacNeil et al. 2005, Logan & Lutcavage 2010, Hussey et al. 2010, Kim et al. 2012). The
turnover rate of dermal connective tissue would be determined by the replacement of epithelial
cells in the outer layers, and metabolic tissue replacement internally. In chondrichthyans the
epidermis (including placoid scales or dentacles in sharks) is a continuously metabolically active
layer that protects them from the environment, and cell turnover occurs through damage, cell
shedding, and regrowth (Meyer & Seegers 2012). Consequently isotopic incorporation is likely
relatively fast, perhaps a few weeks. In elasmobranchs deeper layers of the dermis also has strong
mechanical capabilities and is composed of numerous collagen fibre bundles, only the deeper
layers of the hypodermis are highly vascularised (Meyer & Seegers 2012), suggesting that the outer
epithelial cells have slower cell turnover, replacement, and isotopic incorporation rates, perhaps a

by few months (Martinez Del Rio et al. 2009).

Initial scarring studies support these inferred turnover rates, demonstrating whale sharks’
maximum healing times from deep skin lacerations over a few months (Womersley et al. 2016). As
we used tissue close to the outer epidermal layers in this study, we predict that the results here

represent nearer a few weeks of integrated foraging.

The broadly enriching trend of all the groups in the 3N latitudinal plot suggests the
differences in 3'"°N values among study sites are at least in part driven by, and reflect, the baseline
8"°N in the local environment. However, some of the tuna caught in lower latitudes do not display
the predicted baseline 8'°N. This could partly be a result of the distribution of tuna data, as there
were fewer samples from these latitudes included in the model. Sampling methodology may also
affect the variation, as the coordinates assigned to each sample were the mean of up to a 5° square.
In addition, the tuna are highly mobile. Though a tuna was caught in the latitudes below -15° does
not preclude the possibility that it had recently been feeding at more isotopically enriched latitudes.
Using a fourth order polynomial to fit these data is not ideal, and reduces the analytical power of
the model applied to the data. However, it does correctly represent the discrepancy observed at the
lower latitudes. While the tuna data are, therefore, not a perfect proxy dataset for latitudinal
variation in the isoscapes, this is the most complete dataset available for this large region. Tuna are
a highly mobile group. As a relative measure the comparison with whale shark data indicates that

whale sharks, which show less variation, are less mobile than the tuna.

While this study only considers three of the several known aggregations in the Indian Ocean,
broader photo-ID studies (Brooks et al. 2010, Andrzejaczek et al. 2016, Norman et al. 2017) have
similarly found minimal evidence for connectivity of juvenile and sub-adult whale sharks among
coastal aggregations in the region (although Andrzejaczek et al. (2016) noted the high sampling
effort required to state this with confidence). Sequeira et al. (2013) also postulated that separate

whale shark subpopulations, respectively, may exist in (1) the southern and central Western Indian
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Ocean, and (2) the northern Western Indian Ocean and Arabian Sea region. Low connectivity has
also been identified in other large marine species in the region. Indian Ocean humpback dolphin
(formerly Sousa chinensis, now S. plumbea (Jefferson & Rosenbaum 2014) populations in Oman,
Tanzania and Mozambique showed significant differences in mitochondrial DNA, with this
divergence hypothesised to be a consequence of partial oceanographic isolation (Mendez et al.
2011). The South Equatorial Current tracks westwards across the Indian Ocean, splitting into
northbound and southbound coastal flows when it hits northern Madagascar and then the African
continent at approximately 10°S, creating environmental differences between marine habitats off
Mozambique and Tanzania (Mendez et al. 2011). (This is a likely driver of the model 8"C
differences around 10°S) Resolution of whale shark population structure in this region would be
facilitated by sampling adult sharks, which have been previously tagged in offshore waters
(Sequeira et al. 2012, Escalle et al. 2016) and higher-resolution genetic or genomic studies. Until
then, the results of this study imply that the dispersal of juvenile whale sharks from coastal feeding

areas is limited by oceanographic boundaries in the Western Indian Ocean.

2.5.1 Conservation and management implications

Whale sharks were reclassified as globally Endangered by the IUCN in 2016 (Pierce & Norman
2016), with the Indian Ocean subpopulation also being Endangered. A regional [IUCN Red List
assessment for whale sharks in the Arabian Sea region also classified the species as Endangered in
that area in 2017 (Pierce & Norman 2016, Jabado et al. 2017). Whale sharks in the Arabian Gulf
and the Gulf of Oman also face threats from busy shipping lanes (Reynolds 1993) and several other
anthropogenic threats (Robinson 2016), including a small opportunistic fishery active in Oman
(Robinson unpubl. data). Small-scale harpoon and entanglement fisheries for whale sharks have
taken place in several other countries, such as Iran and Pakistan (Rowat & Brooks 2012). As even
the larger, adult male sharks show some residency or site fidelity to the Arabian Gulf and Gulf of
Oman (Robinson et al. 2016, 2017), these impacts will have a disproportionate effect on what may

be a small shark population (Robinson et al. 2016, Pierce & Norman 2016).

Whale sharks in Tanzania and Mozambique, respectively, also face differing anthropogenic
threats. A high proportion of Mafia Island sharks bear scars from interactions with fisheries
(Rohner unpubl. data). While no population trend data are available from East African waters,
further south in the northern Mozambique Channel there was an approximate 50% decline in peak
monthly whale shark sightings from tuna observers between 1991 and 2007 (Sequeira et al. 2014).
In Inhambane, Mozambique, in the southern Mozambique Channel, sightings declined 79%
between 2005 and 2011 (Rohner et al. 2013), and increasing gillnet use along this coast is thought
to be having a significant negative impact on megafauna sightings (Rohner et al. 2017, Rohner et

al. 2017)
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Fatty acid Whale shark Zooplankton Planktivores Piscivores Absolute difference in % variation of %TFA
Seasonl (n=16) Season2 (n=16) Season3 (n=33) Season4 (n=15) (n=17) (n=12) (n=7) % TFA within individual within individual
14:0 31+0.2 2.7+0.2 2.7+0.1 22+02 7.6+1.0 3.8+04 3.0+06 0.0052 +0.0014 0.17
i15:0 1.3+0.3 1.1+0.1 0.8+0.0 05+0.1 02+0.1 0.1+0.0 0.1+0.0 0.0017 +0.0007 0.13
15:0 0.7+0.1 0.6+0.1 0.6+0.0 0.6+0.1 1.3+0.1 1.2+0.1 09+0.1 0.0014 +0.0004 0.20
16:0 24.4+09 209+09 214+1.0 219+18 294+1.1 26.6 £0.8 239+1.0 0.0491 +0.0123 0.20
17:0a 1.3+0.1 14+0.1 1.3+0.1 1.2+0.1 0.2+0.0 0.1+0.0 0.1+0.0 0.0033 +0.0008 0.24
i17:0 02+0.1 0.1+0.0 03+0.2 0.0+ 0.0 0.4+0.0 04+0.1 0.5+0.1 0.0006 +0.0003 0.20
17:0 1.6+0.1 1.3+0.1 1.5+0.1 1.3+0.1 2102 19+0.1 1.6 0.1 0.0032 +0.0011 0.20
18:0 31.1+£1.6 254+13 253+1.5 298+13 99+09 124 +0.8 11.4+0.3 0.0621 +0.0200 0.20
20:0 03+0.1 0.2+0.1 0.1+£0.0 0.0+ 0.0 0.5+0.1 04+0.1 0.5+0.1 0.0009 +0.0003 0.30
22:0 1.2+0.1 1.0+0.1 08=+0.1 0.5+0.1 1.1+£0.2 04+0.1 04+0.1 0.0020 = 0.0006 0.17
24:0 0.0+0.0 0.0+ 0.0 0.0 £0.0 0.0+0.0 1.0+0.4 0.6+0.1 0.5+0.0 0.0 £0.0 0.00
Total SFA 65.1+2.8 54.6 + 1.4 54.8+2.0 58.1+29 54.5+2.6 489 +1.7 434 +1.7 0.1302 +0.0362 0.20
16:1w7 1.3+0.3 24+03 1.2+0.1 1.0£0.1 55+0.7 35+03 3.5+06 0.0039 +0.0011 0.16
18:1w9 11.8+1.7 17.0+1.1 14.2+0.7 133+1.2 44+04 6.4+0.7 7.5+0.8 0.0438 +0.0174 0.26
18:1w7 28+05 29+03 3.0+0.2 28+03 43+04 34+03 3.0+03 0.0102 +0.0033 0.34
20:1w9 0.1+0.0 04+03 05+0.2 0.1+0.1 0.2+0.1 02+0.1 03+0.1 0.0018 +0.0008 0.36
22:1w9 14+08 0.5+0.4 0.0+0.0 02+0.1 0.0+0.0 0.0+0.0 0.0+0.0 0.0000 +0.0000 0.00
Total MUFA 18.2+2.1 24.6 1.7 19.7 £ 1.2 17.5%1.6 15.2 0.7 15.1+1.3 16.2 +1.8 0.0599 *0.0225 0.24
18:2w6 0.2+£0.1 04+0.1 04+0.1 0401 1.3+0.2 1.1+0.1 1.2+0.1 0.0017 +0.0007 0.43
18:4w3 0.8+0.1 0.7+0.3 0.1+0.0 0.0+ 0.0 0.2+0.2 0.0£0.0 0.0£0.0 0.0015 +0.0007 0.19
20:4w6 (ARA) 56+1.1 6.9+0.8 12.3+£0.9 129+1.1 25+0.5 35+04 39+0.3 0.0273 +0.0106 0.21
20:5w3 (EPA) 0.1+0.1 0.0+ 0.0 0.0+ 0.0 0.0 £0.0 84+15 46+0.6 48+0.5 0.0000 +0.0000 0.00
22:406 29+05 3.6+0.4 58+0.4 6.1+0.6 03+0.1 04+0.1 0.6+0.1 0.0136 +0.0050 0.22
22:5w6 41+1.0 42+1.0 2.6 0.5 1.7+ 0.6 1.4+0.3 1.9+0.1 23+0.2 0.0083 +0.0032 0.20
22:5w3 1.7+0.2 1.8+0.2 1.1+£0.1 1.0+£0.3 09 +0.2 1.6+0.2 1.5+0.2 0.0026 +0.0008 0.14
22:6w3 (DHA) 1.3+0.3 25+03 2.8+0.2 23+04 13.2+1.7 22.0+£2.5 24.7+3.1 0.0072 +0.0023 0.26
Total PUFA 16.7 £+ 1.2 20.8+1.1 25.5+1.1 24416 30.2+0.7 36.1+2.9 40.4+3.3 0.0613 +0.0197 0.25
w3/w6 0.3+0.1 0.4+0.1 0.2+0.0 0.1+0.0 46+1.1 41+04 3.8+3.0 0.01346 *0.0499 3.37
Others 0.8+0.3 2.0+0.7 1.2+0.5 0.0+ 0.0 3.7+0.6 3.6+0.5 3.8+05 - -

Table 3.5 The mean fatty acid (FA) profile (% TFA) of functional groups (whale sharks, plankton, planktivores, and piscivores) , grouping all FA <0.2% as others. Other FA
for all samples included: SFA: al5:0,i16:0, 19:0, 21:0, MUFA: 16:109, 16:1®5, 17:1m8, 17:107, 18:1011, 18:1w05, 20:1011, 20:107, 22: 1011, 24:1®9,
PUFA: 18:2w04, 18:3w6, 18:3w4, 18:3m03, 18:4w06, 20:2106, 20:306.
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The current view of whale shark population structure in the Indo-Pacific is that the area can
be regarded as a single panmictic management unit. Here we have shown that the range of juvenile
sharks is more locally restricted, with oceanographic barriers having a significant influence on
dispersal. Relatively localised human threats may have a more pronounced impact on whale sharks

than was previously recognised.
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Supplementary Table
Model Model Description
AAIC
A Closed (1/a1=N) 547.0283
B Closed (a1=N) 547.0283
C Emigration/mortality(al=emigration rate; 1/a2=N) 159.46917
D Emigration/mortality (a1=N; a2=Mean residence time) 159.4691
E Emigration + reimmigration 105.7028
F Emigration + reimmigration (a1=N; 105.7026
a2=Mean time in study area; a3=Mean time out of study area)
Emigration + reimmigration + Mortality 71.9039
H Emigration + reimmigration + Mortality 0
AQAIC
A Closed (1/a1=N) 80748.064
B Closed (a1=N) 1040.9435
C Emigration/mortality(al=emigration rate; 1/a2=N) 154.1138
D Emigration/mortality (a1=N; a2=Mean residence time) 155.428
E Emigration + reimmigration 155.4281
F Emigration + reimmigration (a1=N; 155.428
a2=Mean time in study area; a3=Mean time out of study area)
Emigration + reimmigration + Mortality 158.1141
H Emigration + reimmigration + Mortality 0
AQAIC
A Closed (1/a1=N) 9742.2858
B Closed (a1=N) 52.2323
C Emigration/mortality(al=emigration rate; 1/a2=N) 22.4372
D Emigration/mortality (a1=N; a2=Mean residence time) 22.4372
E Emigration + reimmigration 32.4377
F Emigration + reimmigration (a1=N; 22.4368
a2=Mean time in study area; a3=Mean time out of study area)
G Emigration + reimmigration + Mortality 26.443
H Emigration + reimmigration + Mortality 0

Table 2.6 Model descriptions, and relative QAIC/AIC values for all models for each site.
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Chapter 3 Trophic and feeding ecology of whale

sharks at Mafia Island, Tanzania

3.1 Abstract

Despite their size, relatively passive behaviour and commercial significance, knowledge of
the behavioural ecology of whale sharks is limited. The difficulty of tracking individual
animals at sea encourages indirect biochemical approaches, such as stable isotope (SIA) and
fatty acid (FAA) analysis, but the indirect nature of these biochemical methods coupled with
a lack of experimental validation, and incomplete sampling of the local environment can lead

to conflicting interpretations of dietary ecology.

Whale sharks at Mafia island in Tanzania form a comparatively small and resident
aggregation that have been monitored for several successive years. As such, they provide a
rare opportunity to study biochemical changes over time at the individual and population
level. Here we sampled 53% of the identified individuals over a multi-year period, and
uniquely undertook pairwise and multi-year SIA and FAA of the same individuals. Stable
isotope data suggest foraging within the local food web. By contrast, FAA shows highly
distinctive lipid class compositions for whale sharks, but also indicates a reliance on
epipelagic prey. Previously, anomalous FAA concentrations in whale sharks have been
interpreted as representing a major contribution of an unrecognised and unknown diet source,
we propose an additional explanation of preferential dietary routing. As such, we strongly
suggest that in future both methods be used in conjunction to more fully understand the
feeding ecology of this, and other marine species. We also call for future research into
biological lipid pathways and isotope tissue fractionation in whale sharks, and highlight the
importance of sampling different tissues from opportunistic strandings to more accurately
understand the long-term feeding ecology of this endangered and charismatic

megaplanktivore.

3.2 Introduction

Whale sharks are the largest fish in the world, and the one of only three planktivorous shark
species. Whale sharks have a circumtropical distribution but are not distributed evenly

through their range (Rowat & Brooks 2012). Most direct observations of juvenile whale
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sharks occur at coastal aggregation sites where the majority of the sharks seem to be present
predominantly to target ephemeral bursts in productivity (Meekan et al. 2009, Robinson et al.
2013, Rohner et al. 2015b). ‘Whale shark season’ often only lasts a for a few months a year at
each site, and on average individuals are only present from a few days, up to a few weeks at a
time (Araujo et al. 2014, Sigsgaard et al. 2016). The dominant food source can often be
quickly identified at each location (Duffy 2002, Nelson & Eckert 2007, Meekan et al. 2009,
Robinson et al. 2013, Rohner et al. 2015a) and have even been quantified at times of peak

productivity (Motta & Wilga 2001, Rohner et al. 2015a, Armstrong et al. 2016).

It is unclear whether these bursts in local productivity represent a major component of

the diet for each individual shark, or form a small part of their overall feeding strategy.

Intrinsic biochemical markers tracking the proportional assimilation of diet items, such
as stable isotope analysis and fatty acid analysis, enable researchers to examine time-
integrated results to give a retrospective, longer-term picture of feeding ecology (Layman et
al. 2012). Stable isotope analysis (SIA) is now a routine tool in trophic and spatial ecology,
and has been used extensively to study elasmobranch ecology (Best & Schell 1996, Wallace
et al. 2006, Ménard et al. 2007, Reich et al. 2007, Cherel et al. 2008, Jaeger et al. 2010,
Hussey et al. 2011, Kiszka et al. 2011, Borrell et al. 2011, Speed et al. 2011, Hussey,
MacNeil, et al. 2012). As a complimentary method to SIA, fatty acid analysis (FAA)
signatures can also be used as an indirect method of assessing dietary preferences and trophic
ecology. Much like SIA the concept of fatty acid trophic markers is based on marine primary
producers laying down recognisable fatty acid profiles that are transferred to, and conserved
in primary consumers with little modification (Iverson 2009). This process is possible as most
higher trophic level marine animals lack the ability to synthesise some fatty acids (termed
essential fatty acids), especially the long-chain polyunsaturated fatty acids (PUFA), therefore
the presence and relative abundances of these fatty acids in the tissues of the predator

indicates aspects of their diet (Budge et al. 2006, Iverson 2009).

Whale sharks resident at Mafia Island, Tanzania offer a rare opportunity to resolve diet
preferences in coastal whale sharks, as this aggregation has been reliably monitored for
several successive years, allowing analysis of biochemical variation over time at the
individual and aggregation level. Though the whale sharks are present in Mafia all year
round, acoustic tagging work does show seasonality to their habitat use and movements
within the bay (Cagua et al. 2015), which may help to remove some of the spatial variability
from biochemical data, providing a clearer picture of their habitat use. Additionally, during
the ‘peak’ season from October to January their target prey is easily identifiable as whale

sharks can be seen very close inshore feeding on dense patches of large sergestid shrimp
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(Belzebub hanseni) (Rohner et al. 2015a). From February to September some sharks are still
present in the bay, but are in lower numbers and are predominantly found further away from
Mafia Island, giving them opportunity to target other prey items. Early in the season the
sharks have been observed also feeding on small baitfish at the surface and displaying vertical

feeding (Personal observation, observations by local fishers).

The aim of the current study is to use combined stable isotope and fatty acid analysis to
determine the proportional contribution of onshore and offshore feeding to overall diet within
a relatively resident shark population, and therefore to determine the importance of the Mafia

Island feeding site habitat to the local whale shark aggregation.

3.3 Study Area

Killindoni bay off Mafia Island, Tanzania (7.9° S, 39.6° E) (Rohner et al. 2015a) is a shallow
bay not exceeding 30 m depth (Figure 3.1). The intertidal zone is up to ~1 km wide and
mangroves line most of the bay. Sand is the dominant substrate type, with patches of sea grass
and muddy areas next to the mangroves, and dispersed coral bommies and rubble throughout
the bay. The whale shark demographic structure is biased towards males (89%) and their size
range is 4-10 m TL (Rohner et al. 2015a). Fieldwork was carried out at Mafia Island between
Oct 2011 - Dec 2016. Effort was focused during the ‘peak season’ in each year (Cagua et al.
2015). Season 1: 31" Oct 2012 — 20™ Feb 2013, Season 2: 7" Nov 2013 — 8" Jan 2014,
Season 3: 6" Nov 2014 — 18" Dec 2014, Season 4: 23" Oct 2015 — 23" Dec 2015, and
Season 5: 10" Nov - 16™ Dec 2016. All surveys began and ended from shore just north of
Kilindoni town and were designed to find whale sharks in the bay from shallow water close to

shore (~2 — 15 m depth) to deeper water ~10 km west of Kilindoni (30 m depth).
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Figure 3.1 Mafia Island in Tanzania within Africa, and the location of Killindoni town on Mafia

Island.

34 Ethics Statement

Work in Mafia was conducted with approval from the Tanzanian Commission for Science and
Technology. All samples were legally exported, transported and imported into the U.K. with
appropriate permits. Project ethics approval came from the Research and Governance Department

at the University of Southampton(#13918).

3.5 Sample Collection

Whale sharks were individually identified using underwater photographs of the body region
immediately posterior to the gills (Arzoumanian et al. 2005). These images were processed using
a pattern matching algorithm (Arzoumania wt al. 2005) to identify individual sharks, and stored
on the online database, Wildbook for whale sharks (www.whaleshark.org). Estimated total length
(TL) and sex were determined (based on the presence or absence of claspers (as per Rohner et al.

2015a) where possible.
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Tissue samples were taken using a hand spear with a modified tip to extract biopsies
laterally from between the first and second dorsal fins. Samples were stored on ice in the field,
then rinsed in fresh water upon return to remove any possible contaminants and excess urea. The
upper dermal denticle layer was then separated from the white connective tissue layer in each
sample. This deeper tissue layer, dermal connective tissue henceforth, was frozen onsite and used

for all further analyses.

Potential diet items were sampled in local and distant waters of Kilindoni Bay. We
collected the dominant local food source in peak season, the sergestid shrimp Belzebub hanseni,
with a 10 cm diameter 100 pm mesh towed by a swimmer near feeding whale sharks. We
collected night surface plankton with a larger, 50 cm diameter 200 um mesh net towed behind a
boat, and emergent zooplankton were collected with a weighted 200 um mesh net overnight.
Local plankton samples were filtered, washed with fresh water, and kept on ice until returning to
shore where they were immediately frozen. We also collected bell tissue from local jellyfishes
and muscle tissue from non-migratory, planktivorous and larger predatory piscavorous fishes to

represent the biochemical conditions at the collection site for context and comparison.

Deep-water plankton were collected offshore as part of the Aghulas II cruise in October-
November 2017. Hauls were conducted during daylight hours at eight locations between the
latitudes -20.68 in Southern Mozambique, and -6.09 in Northern Tanzania. Plankton samples
were collected with a five net Vertical Multinet (Type Midi 0.25m: mouth area). Hauls were of
max depth 1,482 m with integrated samples between depths of 0 m, 200 m, 400 m, 600 m, 800
m, 1000 m and 1,482 m.

3.6 Chemical Analysis

3.6.1 Stable isotope analysis

Samples were kept frozen and transported to the University of Southampton, UK, where
they were freeze-dried and homogenised prior to analysis in an EA 1110 elemental
analyser, linked to a Europa Scientific 2020 isotope ratio mass spectrometer at OEA
Laboratories Cornwall. Raw data were corrected using the reference materials USGS40 and
USGS41 (glutamic acid from USGS Reston USA). An internal QC material bovine liver

standard (NIST 1477a) was used to monitor the precision of the instrument.

Mean elemental C:N ratios for water washed whale shark dermal connective tissue
samples (2.6 £0.4 S.D.) were similar to C:N ratios from lipid-free (lipid-extracted) dermal

connective tissues from Australian whale sharks (Marcus et al. 2017), and below a
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suggested threshold indicating problematic contamination of protein by lipid (Post et al.
2007a). Consequently, no chemical treatment was undertaken to remove lipids, and
analytical results were not adjusted to correct for lipid content. Some samples of potential
prey items did exhibit high (>3.5) molecular C:N ratios, including muscle tissue from the
bullet tuna (5.6+ 2.1 S.D.), kingfish (3.6+ 0.3 S.D.), mackerel (4.3+ 1.4 S.D.), and all
zooplankton samples, including emergent (6.6), feeding (6.2+ 1.5 S.D.), night (6.3+ 1.3
S.D.) and deep-water (4.4+ 0.6 S.D.). We therefore applied a mathematical lipid correction

factor (Kiljunen et al. 2006) to +C values from all diet source samples.

Dermal collagen is frequently enriched in amino acids with relatively high 6+C
values compared to muscle, and a tissue conversion factor (skin-muscle) was applied to the
bulk whale shark data to allow for direct comparisons to fish muscle samples and
zooplankton in this study. We used a figure of -2.5%o for &:C as in Prebble et al. 2018 (in
review) (Chapter 2).

3.6.2 Fatty acid analysis

Lipid extraction

Lipid extraction was performed using a modified Folch method (Folch et al. 1957). Wet weight of
each sample was determined prior to analysis. Fresh tissue samples were placed in a
chloroform:methanol 2:1 solution, vortexed, sonicated in an ultrasonic bath for 10 minutes, then

left to soak at -20°C for a minimum of 12 hrs.

20 pl of tricosanoic acid (C23:0) standard was added to an aliquot of lipid extract to allow
fatty acid content to be quantified. Extracts were then evaporated and trans-esterified with 800 pl
of methanolic sulphuric acid (MeOH-H.SO, 3.4% v/v), before being placed in a heating block at
100°C for 10 minutes. After cooling, formed fatty acid methyl esters (FAME) were extracted by
adding hexane. Three washings were carried out by adding 1.5 ml of hexane-saturated distilled
water, by shaking and by centrifuging for 1 minute. Each time, the lower phase was removed.
After the last washing, samples were placed at -20°C. Once the lower phase had frozen, the upper

organic phase was transferred to a 2 ml vial for further analysis.
Lipid class

A subset of 53 samples were available for lipid class analysis, including whale shark,
zooplankton, and tuna muscle samples. Zooplankton and tuna samples were chosen randomly.
Whale shark samples with clear gas chromatograph results (see next section) demonstrating a

reasonable concentration of lipids in the extraction were chosen for lipid class analysis. High
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performance thin layer chromatography (HPTLC) analyses were performed to separate and
identify classes of neutral lipids (e.g. free fatty acids and triacylglycerol (TAG)) and polar lipids
(phospholipids). Silica gel plates (20 x 10 cm) were washed in 20 ml of standard solvent solution
with known quantities of common lipid classes. Plates were activated by heating at 120°C for 20
minutes. Pre-run solutions for neutral lipid separation contained 250 ml of hexane and 8 ml of
diethyl ether. Pre-run solutions for polar lipid separation consisted of 70 ml of methyl acetate, 70
ml of isopropyl alcohol, 70 ml of chloroform, 28 ml of methanol and 25 ml of potassium chloride

25%.

Sample lipid extracts were laid down on activated plates (between 1 and 10 1 for neutral
lipids and 20 pl for polar lipids) using of a CAMAG automatic TLC sampler ATS4. Standards
were deposited on each plate every three samples for calibration. Lipid separation was performed
in a closed saturated tank containing a mobile phase. Polar lipid migration used the same solution
as the pre-run. Two successive migrations were performed for neutral lipids, the first solution
consisted of 200 ml of hexane, 50 ml of diethyl ether and 5 ml of acetic acid, the second
migration solution was the same as the pre-run. Plates were then dipped into an aqueous solution
of 8% phosphoric acid and 3% copper acetate then immediately charred at 180°C for 30 minutes.
Plates were then scanned using a densitometry CAMAG TLC scanner 3 at 370 nm.
Concentrations of separated lipid classes were determined from the intensity of the absorption via

peaks areas using visionCATS v2.3 (CAMAG).
Fatty acid profiles

FAME were analysed using a gas chromatograph (Varian CP3800) with an auto-sampler
equipped with both polar and apolar capillary columns (ZB-WAX, 30 m length x 0.25 mm i.d. x
0.25 pm film thickness and ZB-5 30 m length x 0.25 mm i.d. x 0.25 pm film thickness), a
splitless injector and a flame ionization detector. The carrier gas was H.,, at a constant flow of 2
ml/min. The identification of FAME was carried out by comparison of retention times with a
commercially available standard 37-component FAME mix. The relative abundance for each FA
was determined from the area of chromatogram peaks and all FA were expressed as percentage of

total FA.

3.7 Statistical analysis

3.7.1 Stable Isotope analysis

We calculated the mean and standard deviations (SD) of 8*C, 8N and C:N for each species

collected. We then categorised the samples into functional group and calculated the mean and SD
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for each group. We calculated seasonal mean and SD for all whale sharks as well as mean
differences within individuals overall and within season. For those individuals with more than
one biopsy within a season, to avoid replication we calculated mean 8:C and 6=N values within
each season, this value was then used in further calculations. We produced biplots of 6=C and 6N
values to visualise and compare the isotope results of all samples. We used mixed effects linear
models to identify any significant factors affecting 6:C and &N within groups. Whale shark
identity and the species within groups were set as random effects. Pairwise adjusted Tukey

contrasts were performed to identify the level of significance among pairs within factors.

3.7.2 Trophic position

We estimated the trophic position (TP) of whale sharks using the equation TP = A + (&:N..... —
0:N,..) / A, ,where A is the trophic position of the consumer used as a baseline, d:N,.. is the mean
O0:N of the baseline, 0:N.....is the 8N value of the whale sharks and A,is the fractionation value
of the consumer. Fractionation values are species specific, and accurate estimation needs to be
determined in controlled feeding studies. To date, there are no experimental fractionation values
for whale sharks or any other planktivorous elasmobranchs. Currently, the closest proxies are
from a long term, controlled feeding study on leopard sharks (Triakis semifasciata) (Kim et al.
2012) and semi-controlled study on larger predatory sharks (Hussey et al. 2010). As lower trophic
level species, whale sharks are likely to have larger fractionation values, with a larger associated
error (McMahon et al. 2010). Therefore, a range of probable trophic enrichment factors (2.8-4%
enrichment per trophic level) was used to estimate a distribution of likely trophic levels. If
available, standard deviations of all other values in the trophic level calculation were also
included to account for error. The value chosen for the base was the mean and standard deviation
0N zooplankton feeding value, as samples were made up predominantly of sergestid shrimp, the
observed target species for whale sharks foraging in Mafia (Rohner et al. 2015a). The A value
used was the mean and standard error of calculated trophic position from zooplankton and
euphausiids (Hobson & Welch 1992, Cortes 1999). The consumer value used was the 8N mean
and standard deviation of the whale sharks. Trophic level sampling values were restricted to a
biologically meaningful range of 0-6, with O representing primary producers, and 6 representing
very high trophic level consumers. The dataset was resampled 1,000 times to produce a trophic

level likelihood distribution curve.
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3.7.3 Fatty acids

Lipid classes

Lipid classes were expressed as percentages of total lipid, of polar lipids (PL) and neutral lipids
(NL). Neutral lipids measured were free sterols (FS), glyceride ethers (GE), free fatty acids (FFA),
triacylglycerols (TAG), alcohols, and steryl esters (SE). Polar lipids measured were
glycerophosphoserines ~ (Ps),  glycerophospohocholines (Pc, Lpc — lyso species),
glycerophosphoinositols  (Pi), glycerophosphoethanolomines (Pe), cardiolipins (Cl), and
sphingomyelins (Sm).

Fatty acid profiles

Fatty acids were coded as A:B wD. Where A is the number of carbon atoms, B is the number of
double bonds in the carbon chain and wD is the position of the first double bond from the terminal
methyl end of the molecule. Fatty acids were categorised as saturated (SFA), monounsaturated
(MUFA) and polyunsaturated (PUFA), and each FA expressed as a percentage of the total FA
(%TFA).

All FA detected above trace levels >0.2% were used for within-category comparison, while
all FA >1% for all categories were used for among-categories comparison. Data were not
transformed to avoid giving more weight to FA present in small quantities. Data are shown as mean

+ standard error % TFA.

When calculating seasonal means for whale sharks, to avoid replication those individuals with
multiple samples within the same season, only one sample was chosen to calculate fatty acid means
between years, the rest were discarded. Chosen samples had the collection data nearest the mid-date
of the season, and where samples were collected on the same day, the sample with the largest
sample weight was chosen. Zooplankton samples (e.g. feeding tow, non-feeding tow, night tow and

emergent zooplankton) were pooled between seasons due to lower sampling size.

All % TFA detected above trace levels (>1%) were used to create non-metric multi-
dimensional scaling (nMDS) plots to visualise groupings within and among the functional groups.
We produced an nMDS dissimilarity matrix using Bray-Curtis distance. We used PERMSDIP to
compare homogeneity and dispersion between groups, and PERMANOVA (based on 999
permutations, k=3) to test for factorial differences between groups. We used SIMPER to identify
which FA contributed most to any dissimilarities within and among groups. We used mixed effects

linear models to identify any significant factors affecting the percentage TFA and the % TFA ratios
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within groups. Pairwise adjusted Tukey contrasts were performed to identify the level of

significance among pairs within factors.

3.74 Fatty acid profiles vs isotopes

Paired samples that were chemically analysed for both stable isotopes and fatty acids (n=80) were
compared with a Mantel test of their respective dissimilarity matrix using Bray-Curtis distance. All
0+C data we multiplied by -1 to remove negative values before generating the dissimilarity matrix.
We used PERMAOVA to compare the whale shark FA dissimilarity matrix to 6N and 8-C real
values separately, followed by pairwise second order polynomial models run between each major

(>0.2%) FA %TFA values separately for both 6N and 6-C.

All statistical tests and plots were generated using the statistical platform R (R Core Team 2013).

3.8 Results

3.8.1 Stable isotopes

Throughout the sampling period we collected 324 dermal connective tissue biopsies from 98
individual sharks, 74% of which were male. Forty-six of these individuals were sampled in more
than one, and up to five field seasons. The estimated total length of sampled sharks ranged from 450
— 900 cm (mean 612+ 103 S.D.). Estimated trophic level for whale sharks in this ecosystem was 2.8
(2.33 - 3.32 quartile spread). Whale sharks had a broad range of both 6=C and 0:N values (Table
3.1). 6=C values for whale shark dermal connective tissue corrected to be comparable to fish muscle
tissue samples ranged from -14.7 to -18.9%o, while uncorrected values ranged from -12.2 to -16.4%eo.

0N values ranged from 6.4 to 10.7.

One hundred and thirty three samples of zooplankton and other local species were collected
(Table 3.1). Whale sharks occupied a similar isotopic space to the other planktivorous fishes
sampled. Piscivorous fishes had the highest 0N values, and zooplankton and jellyfish had the
lowest values. A few species had a wide range of 6=C values, more pronounced in the lower tropic

level species.

The Mastigias jellyfish are an inshore mangrove-associated species, and the Cassiopeia
jellyfish are a benthic and sea-grass associated species. Both had the highest 6:C values of all
species sampled. The more pelagic species of jellyfish (the Aurelia and Rhopilema jellyfish) had a
wide range of &:C values. The moon jellyfish had a 8C range of 6.6%c, which was principally due
to the difference between sampling seasons 4 and 5, where season 5 samples had higher 6=C values

(mean = -13.6%¢ = 0.8 S.D.) than those from season 4 (mean = -18.1 + 0.4 S.D.). Zooplankton
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collected at night also had a large 6+C range of 6.6%0. Some samples contained pieces of moulted
amphipod exoskeleton, which were not acidified, and this could account for the higher 6-C values

seen here.

Deep-water zooplankton had the lowest 8=C values overall, with sampling latitude having no
significant effect (X*= 1, p = 0.3), and a weak relationship with sampling depth (X*=9.6, p = 0.09),

with 0-C increasing slightly with increasing depth. Deep-water zooplankton had similar 8N values

to whale sharks and planktivorous fishes at Mafia Island. As with 6-C, there was no significant

relationship between &N and sampling latitude (X*= 2.2, p = 0.1), and a weak relationship with

depth (X*=11, p =0.05), where 0N increased with depth.
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Functional Tissue

1000 - 1500 m Deep

Species Group type o"C Range "N Range C:N
Whale Shark 93 26
Whale Shark Subdermal 202 -16.8 (£0.8) 4.19 +0 '9 547 +0' 4
Rhincodon typus (029) ey
Bullet tuna 131 56
Piscivore Muscle 2 -17.3 (x04) 0.71 +0 8 1.6 +2'1
Auxix rochei (0.8) (2.1)
Kingfish o
e — Piscivore Muscle 2 -15.8 (z1.0) 14 11.8(x09) 13 3.6(x0.3)
guttatus
Indian Ocean
Mackerel . 10.8 43
Rastrelliger Planktivore Muscle 28 -164(x0.7) 3 (1.7) 8.9 (£14)
kanagurta
Baitfish 33
Planktivore Muscle 4 -14.5 (x0.7) 1.61 89(x03) 0.8 01
Unknown (£0.1)
Night baitfish
Planktivore ~ Muscle 2 -17.6 (+0.0) 0.05 9.1(02) 03 32(x00)
Unknown
Half-beak ) 10.8
Hemiramphus Planktivore Muscle 9 -16.7 (x0.9) 2.13 (+1.2) 32 35(x0.2)
Spp.
Zooplankton
feeding Z";Plg‘.‘k“’“ Mixed 13 -161(x1.1) 41  70@&21) 72 62(x15)
Lucifer hansenii ceding
Zooplankton
Emergent  Zooplankton  yfixeq 135 - 8.3 - 66
Mixed mergent
Zooplankton
Night - Zooplankton nj0q 6 135025 66 Ss4@l4 35 63
Mixed Night S (#23) ’ 4 =14 ’ (x1.3)
Moon jellyfish 39
Jellyfish Bell 14 -15.6(x24) 6.6 4510 37 04
Aurelia aurita 04
Nomad jellyfish ] 38
Rhopilema Jellyfish Bell 8 -14.0 (£1.3) 44 64 (£22) 6.7 *0.9)
nomadica
Spotted jellyfish
Jellyfish Bell 1 -12.6 - 8.75 - 48
Mastigias papua
Upside-down
Jellyfish Jellyfish Bell 1 109 . 347 - 7420)
Cassiopea ornata
Zooplankton  Zooplankton 5 :
0-200m Offshore Mixed 7 18.8 (x0.3) 0.7 88(x09) 23 4.1(x0.5)
Zooplankton  Zooplankton . )
200 - 400 m Deep Mixed 6 189 (x04) 1 96(x12) 36 42(x04)
Zooplankton  Zooplankton Mi 1 9 10 4(+1 40 4
400 - 600 m Deep ixed 8 8.5 (x0.8) 59 04(x1.3) 37 2(x04)
Zooplankton  Zooplankton Mi B I 4 I I 5
600 - 800 m Deep ixed 5 7.5 (x1.7) 0.3(x1.0) 8  5.0(=0.5)
Zooplankton  Zooplankton 8 )
800 - 1000 m Deep Mixed 7 18.1 (x1.0) 2.7 104(x10) 27 42(x0.5)
Zooplankton — Zooplankton  \req 3 81 (x10) 18 9516 32 55(x08)

Table 3.1 Species sample list and mean bulk 8'°N and §"°C values + standard deviation.
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Functional Group n 3°C "N C:N
Piscivore 5 -16.7(*1.0) 12.6(x1.1) 4.3(+1.8)
Planktivore 44 -16.4(x1.0) 10.6(+1.6) 4.0(=1.2)
Jellyfish 24 [14.7(x2.3) 5.26 (£1.9) 4.0(£0.9)
Deep-water 29 -18.3 (£1.0) 10.1 (£1.1) 4.4 (0.7)
Zooplankton

Table 3.2 Mean bulk 3"°N and 8'"°C values + standard deviation of functional groups where multiple

species or sample types were combined within each group

Functional Group "N d"C
Piscivore 0.21 1
Planktivore 0.99 1
Feeding Zooplankton 0.72 1
Emergent Zooplnkton 1 0.7
Night Zooplankton 0.1 0.5
Jellyfish 0.08 0.22
Offshore zooplankton 1 1
Deep-water zooplankton 1 1

Table 3.3 Results (P-values) from pairwise adjusted Tukey tests between whale sharks and other

functional groups for 8'"°N and 5"°C.
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Figure 3.2 Biplots of (A) mean isotopic values (%o+ standard error) of each functional group, (B) mean
isotopic values (%o+ standard error) of each species collected from this study, (C) isotopic

values of all samples collected in this study.
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For whale sharks, estimated total length was a significant predictor for 8"°C values (X* = 20.2,
p<0.001), with the interaction between season and sex also significant, but explaining a smaller
amount of the variance (X* = 8.1, p = 0.004). 3"C values increase with increasing estimated
shark size. For 8'°N values, season and sex were the most significant predictors (X* = 10.3, p =
0.001). Size explained more of the variance, but was less significant (X* = 10.4, p = 0.03). 8N
values also increased with increasing estimated size. However, boxplots show a lot of variation
of 8"°C and 8" N around each size estimate and substantial overlap of both 8"°C and 8'"°N values
between the sexes (Figure 3.3, Panels C &D). Males had higher mean 8"°C (Male = -16.8 + 0.8
S.D. Female = -17.1 + 0.6 S.D.) and 8"°N values (Male = 9.4 + 0.9 S.D. Female = 9 + 1 S.D.),

but the standard deviation in all cases was larger than the difference between the means.

Pairwise comparisons of 8'°N and 8"C between functional groups showed that whale
sharks were not significantly different from any other groups, but were most dissimilar to the
jellyfish piscivores and night zooplankton. Among the zooplankton groups, whale sharks were
most similar to the feeding, deep-water and offshore zooplankton. Emergent and night

zooplankton were the least similar (Table 3.3).
Yearly variation

Mixed models suggest season could explain some of the variation of §"°C and 8"°N values for

whale sharks, with a decreasing range of 8"°C and 3"°N values across seasons one to four (Figure
3.3). For plankton, season came out as a marginally significant predictor of 3"°C (X2 =105,p=
0.01), with a near significant difference between season 2 and season 4 (p = 0.03). Planktivores
showed no seasonality for 8"°C (p = 0.3), but did show some seasonality for 5'°N (X2 =13.1,p=
0.004), with near significant differences between seasons 1&2 (p = 0.09) and seasons 3&4 (p =
0.08). Plankton also showed seasonality of 8"°N (X2 = 14.7, p=0.002) between seasons 2&3
(p=0.01) and seasons 2&4 (p = 0.03).
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Figure 3.3 Whale shark 5"°N and §"°C data displayed as (A) boxplots by season, (B) boxplots by sex with
M = male and F = female, (C) boxplots by size estimate measured in cm, and (D)

scatterplots by size estimate measured in cm.
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3.8.2 Fatty acids

Lipid classes

Fatty acids of whale sharks were mostly derived from phospholipids (~71%), of which the dominant

class was glycerophosphoethanolomines (Pe) (Table 3.4).

Lipd Class Whale sharks
% TLE + SE
FFA 100£1.6
FS 157+1.5
NL GE 0.0+ 0.0
TAG 1.2+0.8
SE 1.9+1.3
Ps 35+0.6
Pc 6.4=+1.5
Pi 34+0.5
PL Sm 212+3.7
Cl 0.9=+0.3
Pe 21.8+23
Lpc 141+34
Lipid content mg g-1 wm 5.1+£0.8

Table 3.4 Summary of lipid classes for whale sharks showing each class of neutral lipid (NL) and polar
lipid (PL) measured, and the mean wet weight lipid content of whale shark connective

tissue.

63



Chapter 3

Fatty acid Zooplankton
Feeding tow (n=12) Night tow (n=3) Emergent (n=2)

14:0 5.2+0.3 104+2.1 10.6+0.1
i15:0 0.1+0.1 0.3+0.1 04+0.1
15:0 1.2+0.0 1.6+0.2 13+0.1
16:0 28.2+0.6 32.3+37 28.4+1.0
17:0a 0.3+0.0 0.1+0.1 0.2+0.0
i17:0 0.5+0.0 0.3+0.2 0.5+0.1
17:0 20+0.1 24+0.5 20+0.2
18:0 8.6+0.2 12.0+29 10.5+1.5
20:0 04+0.1 0.4+0.2 0.7+0.3
22:0 1.0+0.2 1.2+0.3 1.0+0.3
24:0 0.5+0.1 19+13 1.0+0.4
Total SFA 49.3+0.8 63.2+7.0 57.2+3.7
16:1w7 40+0.2 6.9+1.9 7.7+1.2
18:1w9 46=x0.6 41+0.3 45+0.8
18:1w7 48+04 4.0+0.6 3.2+0.5
20:109 0.1+0.1 0.2+0.2 0.7+0.7
22:109 0.0+0.0 0.0+0.0 0.2+0.2
Total MUFA 14.0+04 16.1+1.9 176+04
18:2w6 1.3+0.2 1.4+0.7 14+0.1
18:4w3 0.3+0.2 0.0+0.0 0.0+0.0
20:4w6 (ARA) 2.7+0.7 21+0.2 24+0.2
20:5w3 (EPA) 11.2+1.3 51+33 5.2+0.5
22:406 0.3%0.1 0.3+0.2 04+0.1
22:5w6 1.2+0.1 19+1.0 0.1+0.1
22:5w3 0.7+0.1 1.2+0.6 1.1+0.1
22:6w3 (DHA) 16.7+1.1 7.1+29 11.7+2.6
Total PUFA 36.6 +0.9 20.7+6.0 252+33
®w3/w6 59+1.2 25+0.3 3.6+0.8
Others 4.2+0.6 2.8+0.9 3.8+15

Table 3.6 The mean fatty acid (FA) profile (% TFA) of zooplankton samples grouping all FA <0.2% as
others. Other FA as in table 3.5.

Fatty acid profiles — between groups

Overall whale sharks contained saturated FA (SFA: 57.3% TFA) as the major FA group, followed by
PUFA (23.4%) and MUFA (19.3%) (Table 3.5.). Within-individual variation was extremely low for

whale sharks and contributed little to the %TFA variance.

The grouped zooplankton had slightly lower SFA (54.5%) and MUFA (15.2%) overall, and
higher PUFA (30.2%). Planktivores had lower SFA (48.9%) to both the whale sharks and grouped
zooplankton, and similar MUFA (15.1%) and PUFA (36.1%) to the zooplankton. Piscivores had lowest
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proportion of SFA (43.4%) of all groups, and the highest PUFA (40.4%), with similar MUFA to
grouped zooplankton (16.2%).

Within the zooplankton group (Table 3.6), feeding tows predominantly made up of sergestid
shrimp had lower SFA (49.3%) and MUFA (14%) and higher PUFA (36.6%) than whale sharks. Night
time and emergent plankton had similar SFA (63.2%, 57.2%) to the whale sharks, intermediate PUFA
(20.7%, 25.2%) and MUFA (16.1%, 17.6%) between the whale sharks and feeding tows respectively.
The emergent zooplankton did not have larger proportions of 15:0 and 17:0 branched bacterial fatty
acids (including —iso and —antiso) (Budge et al. 2002) compared to the other zooplankton, as might be

expected.

Major FA for all groups were 14:0, 16:0, and 18:0. Major FA specifically for whale sharks were
18:1w9, and 20:4w6 arachidonic acid (ARA). In contrast, major FA for zooplankton, planktivores and
piscivores were 20:5w3 pentaenoic acid (EPA), and 22:6w3 docosahexaenoic acid (DHA). Whale
sharks had ~3 times as much ARA as all other groups, ~60 times less EPA, and ~9 times less DHA
than all other groups. As a result, the w3:w6 ratios of whale sharks were relatively low (<1) compared
to all other groups. Whale sharks also had twice as much oleic acid (18:1w9) and its precursor stearic

acid (18:0) than all other functional groups.
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Figure 3.4 Multi-dimensional scaling ordinations with fatty acid labels showing the main coefficients

contributing to each axis. (A) Whale shark, piscivore, planktivore, ‘feeding’ zooplankton, N

night zooplankton, and E emergent zooplankton (<1% TFA) with black open circle marking

the centroid of the ordination. (B) Whale shark (<0.2% TFA) with 0.5 confidence ellipses by

season. Insert shows season ellipses without data points.
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The multidimensional plot shows whale shark connective tissue contains distinct fatty acid
compositions compared to all other functional groups. Whale shark FA profiles appear equally
dissimilar to similar to all types of plankton samples (Figure 3.3 Panel A). Functional group is
responsible for a lot of the dissimilarity between the samples (PERMANOVA pseudo-F = 539, p =
0.001). Functional groups did not show any heterogeneity in multivariate dispersion (PERMDISP F =
1.6, p = 0.19), indicating that the dissimilarity is not due to a dispersion effect. This is corroborated by
SIMPER results showing that whale sharks are over twice as different to each other functional group
than they are to each other (Table 3.7). SIMPER analysis supports the aforementioned observations of
the %TFA table showing that 18:0, 18:1w9, ARA, EPA and DHA are the dominant FA contributing to

dissimilarities between groups.

20:406 20:503 22:603 Average
14:0 16:0 18:0 18:1m9
(ARA) (EPA) (DHA) Dissimilarity
WS vs PL 8.6 219 12.5 85 12.7 13.5 46.1
WS vs PLA 74 21.5 109 90 27.1 43.6
WS vs PI 220 99 9.0 29.5 40.7
PLvs PLA 84 7.6 7.6 16 31.6 21.6
PL vs PI 11.6 9.2 109 7.7 34.1 23.5
PLA vs PI 9.1 11 9.2 16 26.6 15.5

Table 3.7 SIMPER results. Main FA and (%) contribution to the differences in each pairwise comparison of
functional groups, with average % difference between groups. WS — whale shark, PLA —

Planktivore, PL — Plankton, PI — Piscivore.

Fatty acid profiles — seasonality

For whale sharks, season was as a significant predictor for FA 14:0 (X* =115, p<0.001), 16:0 (X* = 68,
p<0.001), 18:0 (X* = 60, p<0.001), 18:1w9 (X* = 67, p<0.001), ARA (X* = 69, p<0.001), DHA (X* =

86, p<0.001) (Figure 3.5). Season was also a significant predictor for 22:5w6 (X* = 6.23, p = 0.013),

but to a lesser degree. EPA values were too low to run a reliable model. Sex was also a significant
predictor in all of these FA, but only accounted for a very small amount of the variance. Adjusted
Tukey tests revealed that most of the difference within season was explained by comparisons between

seasons 2 & 3 and 2 & 4 (Table 3.7). Season was also a strong predictor of the absolute amount (ug) of

ARA (X*=16.8,p<0.001). Analysis of all grouped zooplankton samples mirrored this seasonal change

and showed a significant effect of season on w3:w6 values between season 2 & 3 (X* = 16.8, p<0.001,
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S2-S3 p=0.08), which was driven by ARA (p=0.01) (Figure 3.5). No other zooplankton FA showed

significant differences between seasons. Global variance of the main (>1%) FA in whale sharks

decreased across seasons (season 1 = 2.85, season 2 = 2.17, season 3 = 1.37, season 4 = 0.92).

Season 20:406 22:603  22:603
14:0 16:0 18:0 18:109 22:506
Pairs (ARA) (DHA) (DHA)
S1-S2 0.2267 0.3213 0.5026 0.0518 0.0518 0.9479 0.1535 0.1535
S1-S3 0.27 0.1162 0.0918 0.6572 0.6572 0.9996 1 1
S1-S4 0.1457 0.2528 0.3241 0.6604 0.6604 0.1913 0.9809 0.9809
S2-S3 0.8788 0.0852 0.0852
S2 -S4 0.0783 0.0783
S3 -S4 0.8935 1 0.9888 0.997 0.997 0.1216 0.9676 0.9676

Table 3.8 Results for data post-hoc adjusted Tukey pairwise tests for each season of data collection.

Whale shark fatty acid data only. Significant (p<0.01) results highlighted in blue.
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Figure 3.5 Boxplots of whale shark %TFA by season for 14:0, 16:0, 18:0, 18:109, 20:406 ARA, 22:6®3

DHA, 22:506 and a plot of ®3/w6 by season for whale sharks and zooplankton.
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Fatty acid profiles — individual differences

Data exploration of outlier data points revealed some individual whale sharks with relatively large
w3:w6 ratios, here defined as values more than one standard error away from the mean. These sharks
were of varying sex and size, and samples were collected in different seasons. The driver behind this
higher than average w3:w6 was lower proportions of ARA in the samples. The three individuals with
the largest w3:w6 ratios in their biopsies were two juvenile males and a female.

Most interesting was individual MZ-136, a juvenile 700 cm long male with a w3:w6 ratio of 1.6,

which had been sampled twice over the sampling period in seasons two and four. In season two there
was no ARA detected in the sample at all and 10%TFA of the FA 20:3w3, and in season 4 there was a
higher than average proportion of ARA 15.5% TFA with no 20:3w3 detected. Fatty acids 22:1w9,
18:2w6, 22:5w6 also had minor differences between seasons but all other FA were similar.
The sample from season one of individual TZ-070, a 500 cm long juvenile male, also had a higher than
average w3:w6 ratio of 0.9. TZ-070 was sampled in seasons one, three and four with the w3:w6 ratio
decreasing across time driven by a increase in the %TFA of ARA and an overall decrease in 22:5w3
over time.

Shark TZ-063, a 600 cm long female, had samples collected in seasons two, three and four. The

season two sample had a higher than average w3:w6 value of 0.9 driven by a high % TFA of DHA.

Fatty acid profiles — literature comparison

Fatty acid profiles of all whale shark connective tissues are consistently similar to each other regardless
of the country of origin, year of collection, and what other species profiles were included in the
ordination (Figure 3.6). Profiles of all species are generally more similar to others that inhabit the same
ocean layer or depth regardless of functional group (e.g. elasmobranch, teleost fish, zooplankton),
feeding mode (e.g. planktivore, piscivore, apex predator), or year of sampling. Whale shark profiles are
more similar to other epipelagic species and surface zooplankton (Fig 3.6 panel A). Whale shark
profiles are not particularly similar to either species of manta ray, which are actually more similar to
the other mesopelagic elasmobranchs. Whale sharks more closely match the profiles of surface
zooplankton than most of the other elasmobranchs (Fig. 3.6 panel B). When compared to epipelagic

species alone, whale sharks are more like epipelagic sharks than surface zooplankton (Fig 3.6 panel C).
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Figure 3.6 Multi-dimensional scaling ordinations with FA profiles from this study and profiles from

literature.
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Fatty acid labels showing the main coefficients contributing to each axis. FA with >1% TFA included in each
ordination respectively. Colours represent different functional groups, point shapes represent country of
sample origin. Data from this study plotted with (A) ‘All’ - Epipelagic, mesopelagic, and bathypelagic
species including elasmobranchs, teleost fish. (B) ‘Elasmobranchs’ — FA profiles of epipelagic to

mesopelagic elasmobranchs. (C) ‘Epipelagic’ — FA profiles of predominantly epipelagic elasmobranchs.
Fatty acid profiles vs isotopes

There was no evidence of correlation between individual whale sharks with very different (large Bray-
Curtis distance from centroid) fatty acid profiles (with FA >0.2%) and individuals with very different
isotope values (Mantel p = 0.41). Almost all fatty acid distances were spread between 0-0.8, with most

SI distances between 0-0.6 (Figure 3.7).
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Figure 3.7 Plot showing the paired similarity matrices of stable isotope values (8'°C and 3"°N) and fatty acid
profiles. Fatty acid profile matrix include fatty acids with >0.2% total fatty acids.

3.9 Discussion

3.9.1 Stable isotopes

The number of individuals sampled here represents 53% of the identified aggregation at Mafia Island
(as of April 2018), which provides an opportunity to assess diet across the majority of the sharks that

are routinely present.
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Yearly variation

Mean stable isotope compositions of whale shark tissues did not vary between seasons over the five-
year study period. Thus, the broad range of 8 C and 8N values seen within the sampled population
indicates isotopic variation in diets of individuals. Sergestid shrimp and the other low trophic level
species show similar broad isotopic ranges, suggesting isotopically distinct nutrient pathways, rather
than isotopically distinct prey species. Mafia Island has several distinct topographical features that
could account for this. Around Killindoni bay there are terrestrial carbon inputs via freshwater runoff
from the island, and detrital carbon inputs from the seagrass and mangrove system lining the bay. Both
would enrich the &:C signature close to shore, which is evident here in the 6=C enriched Cassiopea and
Mastiagias jellyfish signatures. Anthropogenic nitrogen sources flow into the bay via Killindoni town,
which includes a large fish factory, likely causing localised enrichment of 6:N. Additionally from the
mainland across from Mafia, the plume of terrestrial output from the Rufiji River can often extend half-
way to the island. This is a large terrestrial output that would certainly contribute to a 6=C rich nutrient

pathway when the whale sharks are further away from Mafia outside of peak season.

While the average isotope values for whale sharks at Mafia Island change little across the
seasons, the range of values does. So although there is no indication that feeding preferences have
changed dramatically, this does point to a reduction in the range of available prey items, and an
aggregation level response to the changing conditions. This same range reduction is reflected in the

fatty acid results (discussed latterly).

Size, and sex

Previous studies on whale sharks have observed higher 8C and 8N values in males, but here any sex-
based effect was marginal and potentially influenced by the strong male bias in the population and we
are reluctant to draw any conclusions from this result. Enrichment of both 6=C and 0=N for larger whale
sharks indicates there may be an size related diet shift, also consistent with previous studies on whale
sharks (Borrell et al. 2011, Marcus 2017). However, we did not sample very young (<4 m long) or
adults (>9 m long) sharks in this study and thus miss the samples that are more likely to reveal any
marked diet changes between the different life stages. Relatively high 6C and &N values in larger
sharks could reflect a larger proportion of diet derived from inshore feeding, deep water feeding or
feeding at lower latitudes (Hobson 1999, Trueman et al. 2014). Observational work at Mafia Island
indicates that it is unlikely that larger sharks show a preference for inshore feeding (Cagua et al. 2015,
Prebble et al. 2018 in review). Feeding at lower latitudes is possible, with some evidence that
Tanzanian sharks are sharing resources with Mozambican sharks at lower latitudes (Prebble et al. in

revision).

74



Chapter 3

Changes in feeding preference could also explain observed ontogenetic isotope changes, with
higher trophic level feeding and an increase in deep-water feeding both potential causes (Hobson 1999,
Davenport & Bax 2002, Trueman et al. 2014). Whale sharks at Mafia Island have been observed
vertically feeding on small planktivorous fishes further offshore outside Killindoni Bay during periods
where the dense patches of sergestid shrimp were unavailable (Pers obs). Based on the respective
isotope values of whale sharks and planktivorous fishes measured here, if the larger sharks are

targeting these fishes more frequently, this could result in isotopic enrichment of their tissues.

Generally, stable isotope enrichment is assumed to increase with depth (Trueman et al. 2014).
However, there was a much stronger ‘offshore’ 8:C depleted signal here than there were isotopic
changes with depth. As such, where it is isotopically possible that the whale sharks are feeding offshore
and on deep-water zooplankton. However it’s less likely the behaviour driving the size related

differences we see here.

For both 6+C and =N, given the low sampling numbers at both ends of the size range, and the

wide variability of isotope values for each size, we interpret both results with caution.

Trophic position

Given the uncertainties and assumptions surrounding TP calculations (Hussey et al. 2013b) the
median TP value for whale sharks in this study (TP = 2.83, £ 0.7 S.D.) was similar to previous
estimates for juvenile whale sharks in other locations (South Africa TP = 3.6 (Cortes 1999), Arabian
Sea TP = 3.3 (Borrell et al. 2011), Australia TP = 2.6 (Marcus 2017). Their position as secondary
consumers in the local food web was as expected, considering observations from feeding events and
tracking results that show they spend a lot of time at this site (Cagua et al. 2015, Prebble et al in

revision).

Whale sharks have also been tied to deep water feeding (Rohner, Couturier, et al. 2013,
Couturier, Rohner, Richardson, Marshall, et al. 2013, Stewart et al. 2014, Burgess et al. 2016), which
could inflate the TP estimate (Trueman et al. 2014). Two other megaplanktivores Mobula alfredi TP
~3 (Couturier et al. 2013) Mobula birostris TP = 3.5 (Burgess et al. 2016) also have similar TP to

juvenile whale sharks and have also been suggested to feed in deeper water.

3.9.2 Fatty acid profiles

The fatty acid profiles of whale sharks at Mafia Island show individual variation but are still much
more similar to each other than anything else we measured within the study site. The key difference
in FA between whale sharks and other functional groups were similar to the two previous whale

shark FA studies (Rohner et al. 2013, Marcus et al. 2016), namely high proportions of ARA, low
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proportions of EPA and DHA, and a low ®w3:w6 ratio overall in whale shark dermal connective

tissue.

The diet and trophic ecology of whale sharks from Mozambique and Western Australia has
also been investigated using FAA in dermal connective tissues (Rohner et al. 2013, Marcus et al.
2016). Both studies also found FAA profiles distinct from those seen in local marine fauna, and the
authors inferred that whale shark diets were predominantly supported by unrecognised diet items
from allochthoous or ephemeral diet sources, with unusually high proportions of ARA and low
proportions of EPA and DHA. Deep sea and emergent zooplankton were identified as possible diet
sources based on incomplete matches in the fatty acid literature and tracking data showing
extensive vertical movements (Hueter et al. 2013). Corresponding conclusions were drawn from
FA profiles of muscle tissue of the ecologically similar reef (Mobula alfredi) and giant manta rays
(Mobula birostris) (Couturier et al. 2013, Burgess et al. 2018), suggesting these shared unique FA

profiles are tied to their shared feeding ecology and perhaps shared dietary sources.

As the whale sharks in these studies can seasonally travel up to thousands of kilometres
from their coastal aggregations in various directions (Wilson et al. 2005, Sleeman et al. 2010a,
Rohner et al. 2018) there is a vast area to consider, with many potential prey items that could not
possibly be sampled and thus there is a strong chance that important dietary items have been left
un-sampled. This makes it entirely possible that these un-sampled items may be responsible for the
whale sharks’ unusual FA profiles. Unlike previous studies, sharks at Mafia Island are somewhat
more resident than at other aggregations (Cagua et al. 2015), specifically targeting sergestid shrimp
over multiple seasons (Rohner et al. 2015b), and this study shows stable isotope values consistent
with the assumed diet of whale sharks in Mafia. This perhaps removes some of the spatial
uncertainty within this system, however, the whale sharks would still have ample time and
opportunity in the ‘off-season’ to target other food sources not apparent during active fieldwork
(Cagua et al. 2015). It is therefore still possible that major (principle) diet items are missing from

the reference diet samples, however, it is now less likely.

Where previous studies have more than adequately discussed the potential dietary items and

pathways that could lead to the FA profiles we see in the whale sharks, it is still difficult to test this

hypothesis. Published research has yet to identify any marine or freshwater species that is close to the

FA proportions observed in whale shark connective tissues. Generally, only trace amounts of ARA are

reported in marine fish (Pethybridge et al. 2010). Some algae (Bhaskar et al. 2004, Illijas et al. 2009),

herbivorous gastropods (Saito & Aono 2014), herbivorous fishes (Jiarpinijnun et al. 2017) and smaller

carnivorous fishes (Dunstan et al. 1989) have reportedly high proportions of ARA, but none of the

described taxa are present in the Mafia Island food webs, and still contain less extreme fatty acid

compositions than seen in whale shark connective tissues.
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So, while we agree that deep-water and night-time emergent zooplankton feeding likely make
up some proportion of whale sharks’ overall diet, and that researchers are unlikely to have exhaustively
sampled all potential whale shark diet items, here we discuss an additional and alternative, more easily
testable hypothesis. The ubiquitous uniqueness of whale shark FA profiles suggests that there could be
other physiological explanations for the distinct FA profile observed in whale shark connective tissues.
Comparing proportions of fatty acids between proposed predators and prey sources relies on the
assumption that different fatty acids are transferred between tissues in equal proportions. This
assumption may be relatively robust when comparing lipid classes among physiologically equivalent
tissues (Couturier et al. 2013, Pethybridge et al. 2014, Jiarpinijnun et al. 2017), but it is at least

theoretically possible that some lipid classes are preferentially routed to connective tissues.

There is biological precedent for fishes to preferentially route different FA to tissues. Most
evidence comes from controlled aquaculture research and studies show that differential fatty acid
requirements in fish reflect different dietary and metabolic adaptations to different habitats (Sargent et
al. 1999). Most relevant to the unique FA levels we see in the whale sharks are changes in ARA levels
in tissues in response to increased growth rates and survival and environmental stress (Bell & Sargent
2003). Fishes also often have higher ARA levels in their eggs compared to parent tissues, and this is

thought to be ubiquitous among fish species (Bell & Sargent 2003, Emata et al. 2003).

There are currently no experimental or controlled studies that we are aware of testing for
preferential routing of fatty acids between connective and other tissues in whale sharks or other mega-
planktivores. Given the similarity and consistently anomalous FA profiles observed in whale shark and
manta ray connective and muscle tissues, we suggest that these results can also consistent with

ecologically linked physiological routing as well as a dietary explanation.
Season

Temporal changes in composition and variance of whale shark fatty acid profiles overshadowed
individual variations suggesting a strong population level response to changing conditions. The
reduction in variance of whale shark FA profiles across each field season points to a reduction in
the different types of FA available in their diet from prey items, or differences in physiological
routing. Fatty acid profiles of zooplankton do mirror this seasonal change, although to a lesser
degree, suggesting that temporal differences reflect changes in local conditions rather than whale
shark physiology. This happened concurrently with a decrease in some major SFA in their tissue,
and an overall decrease in the w3:w6 value. Although not conclusive, we can say there exists some
link between the two. Where less varied prey items are available to the whale sharks, there is a
population level response whereby higher ARA, lower w3/w6prey prey types are targeted. Or

alternatively these FA’s are preferentially channel these into their connective tissue.
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3.9.3 Stable isotopes vs fatty acid analysis

Stable isotope analysis in this case appears less sensitive to projecting the variability in whale shark
diets than FAA. Those individuals that are very different in terms of FA profiles are not necessarily
very different isotopically, and vice versa. However, both methods picked up seasonal changes in the

range of prey availability.

If there is a major unmeasured dietary item(s) responsible for the unique FA profiles, it is not
particularly isotopically distinct to anything in the system we have measured, and thus would have

to be reasonably locally available, also making it less likely to have been missed.

3.94 Conclusions and future work

While there is a wide range of individual diets amongst the whale sharks at Mafia Island, they
respond together to environmental changes in prey availability suggesting they have a common feeding

strategy at an aggregation level.

Stable isotope data on resident whale sharks in Mafia Island confirms the expected low trophic
level common to other whale shark aggregations. There are close relationships between the stable
isotope values of the whale sharks and surface zooplankton at this site. There is also some evidence of

ontogenetic changes in their diet and habitat use.

Fatty acid profiles by contrast imply that whale sharks have a highly distinct diet to the local
food web. This is inconsistent with the known behaviour of whale sharks at this site. We therefore
conclude that it is more likely that the fatty acids are differently routed in dermal tissues of whale
sharks, and perhaps other elasmobranch planktivores. We therefore caution against interpretation of

fatty acid profiles as an unbiased proxy for diet fatty acid compositions in this tissue for whale sharks.

We highlight the importance of concurrent multiple tissue sampling and pairwise SIA and FA
analysis to more accurately assess the diet and tropic ecology of whale sharks. We suggest that the
swift sampling and preservation of different tissue types from opportunistic stranding’s will
become a very important resource to investigate any differential partitioning of lipids and isotope

fractionation.
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Chapter 4 Trophic ecology of juvenile whale sharks

in southern Mozambique

4.1 Abstract

Most coastal whale shark feeding aggregations are seasonal but, in Mozambique, whale
sharks are present year-round. Previous work indicates that whale sharks target Tofo Beach as
an important feeding area, but they are rarely seen feeding at the surface when they are
present. In this study we use stable isotope analysis to investigate the trophic ecology of
whale sharks in Tofo Beach within the context of the local food web. We found evidence of
seasonal dietary changes between months, which may be linked to changing ocean-scale
dynamics influencing whale shark behaviour and abundance along the Inhambane coast.
There is weak evidence supporting sex- and size-based dietary shifts as seen in other coastal
whale shark aggregations. Isotopic data suggest that whale sharks at this site feed primarily
on epipelagic zooplankton both inshore and offshore, with a possible contribution from
emergent and deep-water zooplankton. There is also evidence of an un-sampled dietary item,

potentially from offshore, oligotrophic waters.
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4.2 Introduction

Whale sharks (Rhincodon typus) are well-known as the world’s largest fish, and as filter-feeding
planktivores, but details of their trophic ecology remain elusive (Rowat & Brooks 2012, Pierce &
Norman 2016). Sightings at most seasonal whale shark aggregations coincide with easily
identifiable biological events, such as fish spawning (Heyman et al. 2010, Robinson et al. 2013),
that increase the availability of suitable food on a predictable schedule (Meekan et al. 2009,
Robinson et al. 2013, Rohner, Armstrong, et al. 2015b).

Tofo Beach in Mozambique hosts a uniquely aseasonal aggregation of whale sharks
(Rohner et al. 2013) and, with over 700 sharks identified, the Tofo aggregation is likely to play an
important role in regional whale shark ecology. Whale sharks are preferentially found in cooler
upwelling areas along the Inhambane coast and, though they may travel long distances
(Brunnschweiler et al. 2009), many demonstrate a high level of site fidelity (Rohner et al. 2017).
Sightings here have been linked to larger-scale oceanographic influences that create sporadic

upwelling events and year-round enhanced productivity (Rohner et al. 2018).

Though whale sharks may be present off Praia do Tofo in any month, a relatively low
proportion of sightings are of surface-feeding sharks (Haskell et al. 2014). This raises questions
about the nature of diet sustaining the population. Provisional fatty acid studies have indicated
that the sharks may also be feeding on emergent and deep-water zooplankton and fishes (Rohner
et al. 2013). Here, I use a large sample size of stable isotope samples to investigate population-

level foraging and movement ecology of whale sharks at this globally-important aggregation.

4.3 Study Area

Praia do Tofo (Tofo Beach, 23.85 S, 35.56 E) is in the Inhambane province of southern
Mozambique. Similar to other coastal whale shark aggregations, the aggregation off Praia do
Tofo is dominated by juvenile males from 300-950 cm total length (Rohner et al. 2015a). The
continental shelf is narrow along this coast, with a steep shelf between the Vilanculos area and
Praia do Tofo (Figure 4.1). To the south of Tofo the shelf broadens again, in the lee of a major

coastline inflection, causing several types of eddies and upwellings (Rohner et al. 2018).
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Figure 4.1 Map showing location of southern Mozambique within Africa and the location of Praia do

Tofo.

4.4 Ethics Statement

Work in Mozambique was carried out with the full knowledge and approval of the Maputo
Natural History Museum. All samples from Mozambique were exported and imported with the
appropriate paperwork, and with permission from the Maputo Natural History Museum. Project
ethics approval came from the Research and Governance Department at the University of

Southampton (#13918).

4.5 Sample Collection

Whale shark dermal tissue samples were collected between August 2011 — December 2013. Boat
surveys were conducted from rigid-hull inflatable snorkelling vessels, as outlined in Haskell et al.
(2014). Whale sharks were individually identified using underwater photographs of the body
region immediately posterior to the gills (Arzoumanian et al. 2005). These images were later
uploaded, processed using a pattern-matching algorithm to identify individual sharks, and stored
on the online database, Wildbook for Whale Sharks (www.whaleshark.org). Estimated total
length (TL) and sex was determined — based on the presence or absence of claspers, as per

Rohner et al. (2015a) — for each individual where possible.
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Tissue samples were taken using a pole with a modified tip to extract biopsies laterally
from between the first and second dorsal fins. Samples were stored on ice in the field, then rinsed
in fresh water upon return to remove any possible contaminants and excess urea. The upper
dermal denticle layer was then separated from the white connective tissue layer in each sample.
This deeper layer of connective tissue was frozen on-site and used for all further analyses. I also
collected mesogleal tissue from local jellyfish, and white muscle tissue from a range of fishes
present at Praia do Tofo, including non-migratory planktivores, larger predatory piscivores, and
mesopelagic fishes, to represent the biochemical conditions near the collection site for context

and comparison. These samples were collected in June 2016 (Table 4.1)

Deep-water plankton were collected offshore as part of the Aguhlas II cruise in October-
November 2017. Hauls were conducted during daylight hours at eight locations between the
latitudes -6.09 in southern Mozambique and -20.68 in northern Tanzania). Plankton samples were
collected with a five net Vertical Multinet (Type Midi 0.25m” mouth area). Hauls were of max
depth 1, 482 m with integrated samples between depths of 0 m, 200 m, 400 m, 600 m, 800 m, 1,
000 m, and 1, 482 m.

4.6 Chemical Analysis

Samples were kept frozen and transported to the University of Southampton, UK, where
they were freeze-dried and homogenised prior to analysis in an EA 1110 elemental analyser
linked to a Europa Scientific 2020 isotope ratio mass spectrometer at OEA Laboratories
Cornwall. Raw data were corrected using the reference materials USGS40 and USGS41
(glutamic acid from USGS Reston USA). An internal QC material bovine liver standard
(NIST 1477a) was used to monitor the precision of the instrument. Isotope ratios are
expressed per mille (%o) deviations from the reference materials VPDB and air for "°C and

3"°N values respectively.

Elemental C:N ratios for water-washed whale shark connective tissue shark
samples were below the 3.5 threshold suggested by Post (2.6 + 0.3 S.D.) and matched lipid
extracted CN ratios for similar tissues from Australian whale sharks (Marcus et al. 2017).
No chemical treatment was used to remove lipids, so analytical results were not adjusted to
correct for lipid contents. Connective tissue proteins are largely collagenous, containing a
high proportion of glycine with relatively heavy 8'"°C values compared to muscle proteins,
consequently a skin-muscle tissue conversion factor was estimated and applied to the bulk
whale shark data to allow for direct comparisons to fish muscle samples and zooplankton
analysed in this study. We used a figure of -2.5%o for 5"°C following Prebble et al. (in

revision). Deep-water zooplankton samples exhibited high C:N ratios (>3.5). We therefore
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applied a mathematical lipid correction (Kiljunen et al. 2006) to the bulk results to correct

the 8"°C values.

4.7 Statistical Analysis

4.7.1 Bulk analysis

We calculated the mean and standard deviations (SD) of 8"°C, 8'°N and C:N for each species
collected. I then categorised the samples into functional group and calculated the mean and SD
for each group. Biplots and boxplots of 8"°C and 8"°N values were used for graphical analysis.
estimated whale shark trophic position (TP) relative to the mean of the TP distribution curve
previously calculated for whale sharks in Tanzania (Chapter 2) and the isotopic spacing (A°N)
between whale shark and the planktivorous fish, half-beak (Hemiramphus sp.) in both
Mozambique and Tanzania. The TP curve was calculated using the equation TP = A +
(8" Nonsumer — © Naase) / An  where A is the trophic position of the consumer used as a baseline,
BISNBalse is the mean 8'"°N of the baseline, 8" N consumer 1S the 85N value of the whale sharks and An
is the fractionation value of the consumer. As the diet tissue discrimination factor (DTDF) of
whale sharks is unknown, a range of probable trophic enrichment factors (2.8-4% enrichment per
trophic level) was used to estimate a distribution of likely trophic levels. The value chosen for the
base was the mean and standard deviation of 8"°N for zooplankton prey. The A value used was the
mean and standard error of calculated trophic position from zooplankton and euphausiids
(Hobson & Welch 1992, Cortes 1999). The consumer value used was the 5'°N mean and standard
deviation of the whale sharks in Tanzania (Chapter 2). Trophic level sampling values were rest-
ricted to a biologically meaningful range of 0-6, with O representing primary producers and 6
representing high trophic level consumers. The dataset was resampled 1, 000 times to produce a
trophic level likelihood distribution curve.

We used mixed effects linear models to test whether factors significantly influenced §'"°C
and 3"°N values within whale shark data. Initial mixed effects model results indicated there was
no effect of year of sampling on whale shark §"°C or 8'°N values so ‘year’ was included as a
random effect to allow a more robust analysis of any temporal patterns across months of
sampling. Whale shark identity and the year of sampling were then set as random effects in

subsequent models to control for repeated sampling and temporal variation.
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4.7.2 Mixing models

We used Bayesian mass-balance mixing model (MixSIAR package in R) to explore
possible prey contributions to whale shark diets and to identify the likely isotopic composition of
potential missing diet items.

The isotopic compositions of prey sources, consumer tissues and trophic enrichment
factors were allowed to vary to represent uncertainty in the model. Sources included in the model
were deep-offshore zooplankton (200-1500 m), the mesopelagic fish species shortnose greeneye
(Chloropthalmus agassizi), and nomadic jellyfish (Rhopilema nomadica). (Table 4.1). Deep-
water zooplankton values for all samples (200-1500 m) were aggregated to represent deep-water
zooplankton feeding. The shortnose greeneye, chosen to represent mesopelagic feeding on deep-
water fishes, is a circumglobal bathydemersal species that typically occurs at 300-600 m. We
sampled individuals with an estimated TL of 10-15 cm, which are the size of pelagic juveniles in
this species (Merrett 1990, Russell et al. 2015). Nomadic jellyfish are a large epipelagic
planktotroph (Galil 2006). Here, they have not been considered as a prey item in these models,
but rather as a proxy for animals feeding exclusively on inshore epipelagic zooplankton.

There are no experimentally determined diet tissue discrimination factors (DTDF)
available for whale sharks or other planktivorous elasmobranch species. Therefore, to account for
trophic fractionation in the model we assumed that, based on their known diet, the deep-water
fishes and jellyfish would be at a similar trophic level to the whale sharks. A DTDF of 0%o was
then applied to "°C and 8"°N values for both these sources. Large possible contributions of deep-
water fishes or jellyfishes in model solutions therefore implies an isotopically-similar diet
between whale sharks these end member groups. Deep-water zooplankton were assumed to be
one trophic level lower than the whale sharks. DTDF corrections were set at 3.4%o for 5"°N and
0.4%o for 8°C. To account for the uncertainty of this assumptions, we applied a large standard
deviation of 2% to all DTDF corrections.

To investigate the uncertainty in the estimated tissue conversion factor between
connective dermal tissue and muscle (Chapter 2, Prebble et al. in revision), we ran two separate
models to investigate how the likely diet proportions would change based on different
assumptions of this parameter. Model 1 assumed an initial correction factor of -2.5%o from skin to
muscle for §"°C derived from paired tissue samples (Prebble et al. in revision), Model 2 assumed
a correction factor of -4.6%o, similar to the isotopic difference between pure muscle and pure

collagen (Satterfield & Finney 2002).
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4.8 Results

4.8.1 Bulk Isotopes

Throughout the sampling period we collected 68 samples from 51 identified individuals, 84% of
which were males (43 male, 7 female and one of unknown sex). Estimated TL ranged from 500—
850 cm (mean 610 + 88). Corrected 8"°C values for whale sharks ranged from -16.2 to -20.7%o,
and 8'"°N values from 6.4 to 10.7. Estimated trophic position (TP) for whale sharks in this food

web was 2.7.

A total of one hundred and thirteen samples were collected from local coastal marine
species and deep-water zooplankton. Bulk isotope values are summarised in Table 4.1. Whale
sharks occupied a similar isotopic niche to other planktivorous fishes sampled here (Figure 4.2).
Though there is some overlap, mean isotope values for whale shark tissues fell between those of
the local planktivores and jellyfish species. Whale sharks had higher 8'°N values than the
jellyfish, but lower 8"°C values. The sharks had higher 8"°C values than the planktivores, but
lower 8"°N values. Piscivorous fishes (tuna and bonito) and the masked ray had the highest §"°N
values of the epipelagic and benthic species. However, the mesopelagic fish species, the
shortnose greeneye, had the highest 3"°N values of all species sampled. The inshore benthic
karanteen had the lowest 8'°N values, with a wide range of 8"°C values, and the highest 5"°C

values of all species.

When comparing functional groups, the mean 8"°N values of the benthic karanteen were
significantly different to the deep-water zooplankton (p = 0.01), the rays (p = 0.01), and the
piscivores (p = 0.01). The karanteen mean 8'"°C values were also significantly different to these
groups as well as the mesopelagic fishes (p < 0.01) and planktivores (p < 0.01). (Table 4.2 /
Figure 4.2). Whale shark mean isotope values were not significantly different to any of the other

sampled groups.
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Functional

. . 15 .
Species Group Tissue type n O"N Range C:N
Whale Shark
) Whale Shark subdermal 68 8.0 (x0.8) 2.6 (x0.3)
Rhincodon typus
Leopard ray
Ray muscle 1 9.6 3
Himantura uarnak
Mask ray
Ray muscle 2 114 (x1.0) 2.7 (0.2)
Neotrogon kuhlii
Tuna
Piscivore muscle 3 11.3 (x0.5) 3.0 (x0.0)
Thunnus albacares
Bonito
Piscivore muscle 2 11.5(=04) 3.0 (x0.0)
Katsuwonus pelamis
Karanteen
Benthic muscle 9 5.9 (0.7) 3.1 (x0.1)
Crenidens crenidens
Carapau' )
Planktivore muscle 22 8.9 (x0.4) 3.2 (x0.1)
Unknown baitfish
Half-beak
Planktivore - 9 9.6 (x0.5) 3.1 (x0.0)
Hemiramphus sp.
Shortnose greeneye
Mesopelagic muscle 9 12.0 (x0.3) 3.2 (x0.1)
Chloropthalmus agassizi
Jellyfish
Jellyfish bell 20 7.6 (£0.6) 34 (x0.3)
Rhopilema nomadica
Zooplankton Zooplankton :
0-200 m Deep Mixed 7 8.8 (x0.9) 23 4.1 (x0.5)
Zooplankton Zooplankton .
200 - 400 m Deep Mixed 6 9.6 (£1.2) 3.6 42 (x0.4)
Zooplankton Zooplankton g
M 10.4(x1. . 4204
400 - 600 m Deep ixed 8 04(x13) 37 (x04)
Zooplankton Zooplankton .
M 10.3(x1. 2. 0 (20.
600 - 800 m Deep ixed 5 0.3(x1.0) 8 5.0 (x0.5)
Zooplankton Zooplankton 5
800 - 1000 m Deep Mixed 7 104(x1.0) 27 42 (x0.5)
Zooplankton Zooplankton .
1000 - 1500 m Deep Mixed 3 9.5(x1.6) 32 5.5(x0.8)

Table 4.1 The mean isotopic values for corrected 3'°C and 8'°N values (%o + standard error) of each

sampled species.




Functional Group 3C "N C:N

Whale Shark -17.6 (£0.6) 8.0 (£0.8) 2.6 (£0.3)
Ray 168 (£0.9) 109 (£1.8) 2.8 (0.3)
Piscivore 173 (203)  11.4(£04) 3.0 (£0.0)
Planktivore 182 (+0.8) 9.1 (0.5) 3.1 (£0.1)
Benthic 103 (+3.10) 5.9 (20.7) 3.1 (0.1)
Mesopelagic -18.6 (£0.3) 12.0 (=0.3) 3.2 (£0.1)
Jellyfish 168 (£1.1) 7.6 (£0.6) 3.4 (£0.3)
Z]?)Zﬁazl‘;‘z; 184 *1.0) 9.9 (£1.2) 4.4 (£0.6)

Chapter 4

Table 4.2 The mean isotopic values for corrected 8"°C and 8"°N values (%o + standard error) of each

Whale shark total length was a significant predictor for §"°C (X2 =2.3,p <0.001), and a model

that included both the month of sampling and TL as non-interacting terms (X2 =1.78, p < 0.001).
However, the month of sampling alone, although less significant, explained more 8" C variance

X2 = 12.3, p = 0.05). The month and TL model came out as the most significant predictor for
p

whale shark "N values (X2 = 3.3, p <0.001). Using month alone explained more variation, but

functional group.

was less significant (X2 =12.4,p=0.05).
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Figure 4.2 Biplots of (A) isotopic values of all samples collected in this study. (B) mean isotopic

values (%o+ standard error) of each species collected from this study, and (C) mean

isotopic values (%o+ standard error) of each functional group.
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Group VsY]l;i:(e Ray Piscivore Planktivore = Benthic = Mesopelagic Jellyfish Dee;);\(;v:ter
Sate 0.92 1 1 0.01 0.9 0.94 0.88
Ray 0.2 0.99 0.69 0 0.47 1 0.35
Piscivore 0.06 0.98 0.99 0 0.85 1 0.81
Planktivore | (.87 0.5 0.15 0 0.99 0.72 0.99
Benthic 0.45 0.01 0.01 0.09 0 0.02 0
Mesopelagic| (.05 0.74 0.99 0.13 0.02 0.54 1
Jellyfish 1 0.09 0.04 0.48 0.57 0.05 0.42
De‘}"water 0.33 0.96 0.49 0.99 0.01 0.25 0.24
oop

Table 4.3 Results (P-values) from pairwise adjusted Tukey tests between functional groups for 8'°N

(top) and 3"°C (bottom). Significant values in blue

4.8.2 Mixing Models

The plots showing the model data in isotopic space after applying the corrections and
variance both imply that whale shark occupy a similar trophic level to the nomadic jellyfish,
as expected (Figure 4.5 panels A &C). The -4.6%o tissue-corrected whale shark data (panel A)
are more depleted in "’C than the deep-water zooplankton and mesopelagic fish, but if a -
2.5%o correction is used whale shark dermal tissues are enriched in C compared to both
potential prey sources. From the two mixing models generated, the nomadic jellyfish source,
here interpreted as reflecting an epipelagic zooplankton diet, was inferred as representing
around 85% of the diet in each case (Figure 4.5 panels B & D). For our assumed tissue
conversion factor of -4.6%o, deep-water zooplankton were most likely to be absent from the
whale sharks’ diet, and contribute up to 20% in rare cases. Mesopelagic fish would
contribute slightly more in this case, most probably around 15% and up to 25% in rare cases.
If we assume a lower tissue correction factor of -2.5%o for the whale sharks, consumption of
deep-water zooplankton is more likely contributing between 5% and 25% of diet.
Mesopelagic fishes had a similar contribution to the -4.6%o0 model. The width of the scaled
posterior density curves were wider for all dietary sources in the -2.5%0 model, suggesting a
greater range of possible credible solutions surrounding the model predictions compared to

the -4.6%o model.
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Figure 4.4 Figure showing corrected data and mixing model diet proportion results for the whale
shark dermal connective tissue (black) as the consumer, and prey sources including deep zooplankton
(purple), shortnose greeneye (pink), and nomadic jellyfish (grey). (A & C) Shows the corrected
source and consumer data assuming a skin-muscle tissue correction factor of -4.6%o (A) and -2.5%o
(C). (B & D) Scaled posterior density plots showing the likelihood of diet proportions for each source

applying -4.6%o (B) and -2.5%o (D) consumer tissue corrections respectively.
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4.9 Discussion

Stable isotope data imply that whale sharks in Tofo feed primarily on epipelagic zooplankton, both
inshore and in offshore upwelling areas, with possible contributions from emergent and deep-water
zooplankton (Figs 4.2, 4.5). Seasonal population level changes between suggest ocean-scale dynamics
influence on whale shark abundance and behaviour along the Inhambane coast, rather than a specific

seasonal event as is seen in some other locations (i.e. Mafia, Qatar etc).

4.9.1 Trophic position

As trophic discrimination factors and species-specific tissue discrimination factors for whale sharks are
poorly-known, trophic positions should be used as relative indices rather than directly compared
between studies and locations. Based on the previous literature on whale shark ecology, a trophic
position between 2-4 would be predicted. The median TP value for whale sharks in this study (TP =
2.7) was, however, similar to previous estimates for whale sharks in Tanzania (TP = 2.8 (Prebble et al.
in revision), South Africa (TP = 3.6, (Cortes 1999), the Arabian Sea (TP = 3.3, (Borrell et al. 2011),
and Australia (TP = 2.6, Marcus 2017). Small differences in TP estimates may represent differences in
the trophic position of whale sharks at each location, or the different methods and parameters used to

calculate TP in each study.

It is more useful to evaluate the relative trophic position of whale sharks within the local food
web. Here, the isotopic compositions of whale sharks were consistent with other planktivorous and low
trophic-level epipelagic species sampled in Mozambican waters. While there was some individual
variation in diet, the Tofo whale sharks appear to be experiencing similar isotopic conditions to
resident local fauna. The sharks are therefore likely to be reasonably resident to this region over the
timescale of isotopic turnover. The whale sharks were most similar, isotopically, to the nomadic
jellyfish, an epipelagic planktotroph native to East Africa which are generally recorded 2-4 km offshore
and are distributed predominantly by ocean currents (Galil 2006). While not conclusive, their isotopic
similarity, and high 8'°C values relative to the resident planktivores, suggests that an aspect of the
Mozambican whale shark foraging strategy might similarly involve following ocean currents and
targeting epipelagic zooplankton (McMahon et al. 2013). Another interpretation could be that the
whale sharks in Mozambique are consuming the nomadic jellyfish, though this is unlikely to be the
case, as fully grown nomadic jellyfish are larger than whale sharks could physically swallow
(commonly 40 — 60 cm diameter) (Motta et al. 2010). While the smaller medusa stages can be around

10 cm and could potentially, therefore, be caught in the whale sharks filtering pads and swallowed
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(Heyman et al. 2001, Motta et al. 2010), this has not been recorded. Large numbers of pelagic medusas
can quickly form in warm (>24°) water (Galil 2006), perhaps enough biomass if consumed to influence
the isotopic values of the whale shark tissues. Leatherback turtles (Dermochelys coriacea), which
exclusively target jellyfish and gelatinous zooplankton, are spotted consistently (albeit at low densities)
at the surface near Praia do Tofo (Williams 2017). There are literature records of some shark species
ingesting gelatinous zooplankton (Koen Alonso et al. 2002) so too do marine mammals (Childerhouse
et al. 2001) and some fish (Williams et al. 2015), although we are not aware of any direct observations

of whale sharks doing so.

Initial evidence from fatty acid and stomach contents analysis on Mozambican sharks
suggested that their diet may include emergent zooplankton which they feed on at night, and deep-
water zooplankton and fishes (Couturier et al. 2013, Rohner et al. 2013). From the data presented here
it is isotopically possible that some of the whale sharks had been foraging on offshore and deep-water
zooplankton, particularly those sharks with more relatively high 8'°N values. However, the whale
sharks generally plot closer to the epipelagic (0-400 m) zooplankton trawls than the deeper-water
(400-1500 m). The whale sharks were also isotopically distinct to the mesopelagic fish species
sampled in this study. While we only sampled one species of mesopelagic fish, the juvenile sizes that
were sampled (~15-20 cm) are predominantly pelagic feeders at 300-600 m (Merrett 1990, Russell et
al. 2015), so are likely to represent the isotopic conditions of the mesopelagic fish community (Merrett
1971). If mesopelagic fish are a part of the whale sharks’ diet, it is likely a small proportion. This
aligns with the observed diving behaviour of a female whale shark tagged slightly south of Praia do
Tofo. A large proportion of her time was spent in the top 100 m, for most of which she was shallower
than 10 m, suggesting a predominantly epipelagic lifestyle (Brunnschweiler et al. 2009). While in
coastal waters she stayed significantly deeper at night, perhaps to target emergent zooplankton, which
were found in stomach contents analysis of Mozambican sharks by Rohner et al. (2013). Larger
proportions of night-time feeding on emergent zooplankton may also be reflected in those individuals
with higher 8"°C values (Abrantes & Barnett 2011). However, while offshore, her diving behaviour
changed to more frequent epipelagic diving punctuated by deep dives, a pattern also observed in other

areas such as Mexico (Graham et al. 2006)

4.9.2 Size, and sex

There was some, albeit weak, evidence for isotopically distinct foraging habits between sexes, with
relatively low 8"°C and 8"°N values recorded in female whale sharks. The relatively high §"°C and 3"°N
levels seen in males were consistent with previous studies (Borrell et al. 2011, Marcus 2017). The
difference observed is marginal, and we are cautious of drawing strong conclusions with the low
numbers of females sampled. However, the low proportion of identified females in Mozambique, and

many other aggregations, points to clear spatial segregation between males and females (Rohner et al.
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2015a). The absence of females at coastal aggregations suggests they prefer offshore, and or deep-

water habitats, which is given some tentative support from these results.

Equally, while estimated total length was a significant predictor of tissue isotope composition,
larger mature individuals are rarely sighted in Mozambique (Rohner et al. 2013, Rohner et al. 2015a).
As such, the size range sampled here is relatively small, with particularly low numbers sampled at the
extremities. As with the females, the absence of larger mature individuals from the aggregation in itself
indicates a behavioural shift over ontogeny. Again, perhaps what we are detecting here is the start of a
gradual behaviour shift where increasing 8"°C values could indicate larger sharks feed more often in
upwelling areas, more often at night on emergent zooplankton, or more frequently in deeper water.
Increasing 3'"°N values could indicate that larger sharks feed at higher trophic levels or, again, in

upwelling areas.

4.9.3 Seasonality

There is some evidence of changes in feeding behaviours between months across the population, which
does not extend to the inter-annual scale. We have observed seasonal fluctuations in the isotopic values
of the whale shark tissues potentially tied to the inconsistent variation in oceanographic conditions in
the Mozambique Channel (Kolasinski et al. 2012,). Upwelling cells are potentially what draw the
whale sharks to the area and likely sustain the year-round aggregation (Rohner et al. 2018) (Figure 4.5).
More consistent sampling of whale shark tissues across time, in conjunction with surface plankton

samples in future, would help clarify this further.

4.9.4 Mixing models

The potential diet sources included in mixing model analyses cannot fully explain the whale shark
isotopic compositions (Figure 4.4), requiring either contributions of un-sampled prey and / or
differences in tissue conversion or trophic enrichment factors. Notably, whale shark tissues show
relatively low 8"°C and 8N values compared to potential prey items. Low 8"°C values could be
explained either by an un-sampled 8"C source that is depleted in ">C, or the preferential routing of *C

depleted lipids from zooplankton into the connective dermal tissue proteins.

If we assume there is an un-sampled sC source, there could be a small contribution from a
very C deplete source, or a larger contribution of a less "*C deplete source. The potential 3"°C value of
any un-sampled source also depends on the tissue correction value used, but whale sharks would have
to travel to much higher latitudes from 28°S to perhaps beyond 40°S to sample diets plankton diets
with low 8'"°C values of around -20 to -22 (Rau et al. 1982, Goericke & Fry 1994, Magozzi et al 2017),
28°S latitude is approximately the same latitude as the province of KwaZulu-Natal in South Africa.
Whale sharks have been observed at these latitudes from aerial surveys and by divers (Beckley et al.

1997, CIiff et al. 2007). Sightings in this area, and particularly further south, are often stranding events
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as it is thought that the whale sharks succumb to the colder waters around the Western Cape (Beckley
et al. 1997). As no photo ID data were collected we cannot know if any of these sharks have been
sighted in Mozambique aggregation. For the §"°C values found at the latitudes around South Africa, the
whale sharks would have to be sourcing a large proportion of their overall diet there to explain the §"°C
deplete values predicted in Figure 4.5. So although we cannot rule it out, there is no real data that

supports whale sharks routinely feeding in lower latitudes.

It seems more likely that we are missing a low 8"°C nutrient pathway or dietary item, rather
than a large latitudinal spatial effect. The southwestern Indian Ocean is a dynamic oceanographic
system. The bathymetry and mesoscale circulation features come together to stimulate upwelling of
deep nutrient-rich waters (Raj et al. 2010, Rohner et al. 2018). As a result some of the largest
phytoplankton blooms in the worlds ocean develop in the southwest Indian Ocean during the austral
summer (Raj et al. 2010). On a large scale, these blooms occur in the Madagascar Basin, the
Mozambique Basin and the Mozambique channel. Cyclonic eddies moving down the Mozambique
channel also cause more localised upwellings and play a role in transporting coastal production

offshore (Kolasinski et al. 2012). These conditions of high productivity can result in areas with more

negative 8"°C values, as 12C is preferentially taken up by phytoplankton (Kolasinski et al. 2012).

0.02 0.10 1.00 10.00 (mg/md)

Figure 4.5 Spatial distribution of monthly averaged Chl-a concentration in the southwest Indian Ocean

during the peak periods of the austral summer plankton bloom. Adapted from Raj et al. 2010.

In oligotrophic conditions high bacterial growth and nitrogen fixation can also lead to POM with low
8"N values (up to 4%o), which could also explain some of the comparatively low 8'°N whale shark
values after DTDF corrections (Minagawa & Wada 1986, Karl et al. 1997). In the marine environment,
in oligotrophic conditions, often a build up of a filamentous blue-green cyanobacteria, tricodesmium,
forms in surface waters (Capone 1997). While the whale sharks do not have fine enough sieve plates to

capture the bacteria directly (Motta et al. 2001), zooplankton species such as copepods are known to
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target tricodesmium as a food source (O’Neil & Roman 1992). Any tricodesmium grazers would
uptake carbon and nitrogen with low 8'°N and 8"C values, which would be passed up the food chain.
Tricodesmium has consistent seasonality in Tanzania with the highest biomasses recorded during from
December to April (Lugomela et al. 2002). A small number of whale sharks originally identified in the
Mozambique aggregation have been sighted in Tanzania at this time, (Prebble et al. in revision Chapter
2) and have been observed feeding amongst Tricodesmium slicks (pers obs, Figure 4.6), although they

have not subsequently been resighted in Mozambique.

Figure 4.6 Whale shark in Mafia Island Tanzania feeding on dense clouds of Belzebub hanseni shrimp

amongst bacterial Tricodesmium spp. blooms.

Credit: Dr Simon J Pierce.

Low 8"C values, compared to measured prey items, could also be indicative of a novel biological
pathway. In most stable isotope dietary studies it is assumed that the amino acids in a consumers’
tissues are completely routed from dietary protein, and no other macromolecules like lipids or
carbohydrates significantly contribute to the biosynthesis of tissues. By contrast, in dietary mixing
models it is assumed that dietary macromolecules are broken into their elemental constituents and are

resynthesized to build tissues. The reality is likely to be somewhere between and influenced by the
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macromolecular diet composition. Evidence of flexible diet-related protein routing has been observed
in a few species, even in fish (Podlesak & McWilliams 2006, Voigt et al. 2008, Kelly & Martinez del
Rio 2010). It has been demonstrated in the common house mouse that dietary lipids can also be used as
a source of elemental carbon to build tissues (Newsome et al. 2014, Wolf et al. 2015). Certain amino
acids were particularly sensitive to diet composition, and the routing of proteins and lipids affected the
tissue-specific isotopic discrimination in the mouse tissues. In this study, high lipid diets resulted in an
increase of 8°C in tissues by 2-6 %o. There is also evidence of isotopic routing in Nile tilapia
(Oreochromis niloticus) (Kelly & Martinez del Rio 2010). Carbon structures from carbohydrates and
lipids were preferentially routed to build essential amino acid, especially where they were fed protein
deficient diets. Lipids are ~3-8 %o more depleted in °C than the associated proteins. It is theoretically
possible that whale sharks could be routing more of the *C-depleted lipid carbon molecules from the
zooplankton they are eating to the protein structures in the dermal connective tissue. A metabolic
pathway coupled with a low protein high lipid diet such could feasibly account for the results observed
here. Indeed, zooplankton from upwelling and coastal biomes are characterised by large lipid stores

(Lee et al. 2006), which feeds back into our previous conclusions.

We could be seeing a mixture of both the missing "*C deplete nutrient pathway, and the dietary
routing. Or indeed, another process that we have not measured or considered in this study. The next
steps would require resolving any dietary routing that may be occurring. Analysis of multiple whale
shark tissue types simultaneously would go some way towards this, and should be a priority going

forward.

4.9.5 Conclusions

While the sample numbers here were larger than previous SIA studies on whale sharks (Borrell et al.
2011, Marcus 2017), we still only sampled 7% of the identified population in Mozambique. We were
also unable to sample the whale sharks in the same years as the other species used to build a food web
model. Although there is no evidence of annual differences in the whale shark isotopic profiles, results
here must still be interpreted with caution, as the Mozambican Channel is an oceanographically
dynamic system (Rohner et al. 2018) and baseline isotope values are subject to change as a result

(Kolasinski et al. 2012).

In addition to this, there are significant unknowns relating to elasmobranch physiology and
metabolism, especially in whale sharks that limit the strength of conclusions that can currently be

drawn from biochemical analysis.

The biochemical evidence in this study supports the hypothesis that the juvenile whale
sharks found at Praia do Tofo are indeed using the site as a feeding area, targeting coastal
epipelagic zooplankton and opportunistically taking advantage of offshore upwellings in the

Mozambique Channel. It is likely that the boat-based visual surveys are missing some cryptic
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feeding behaviour, likely because the whale sharks are feeding sub-surface during the day, or
feeding on emergent zooplankton at night. To address this, future efforts should focus on additional
sampling of deep-water zooplankton and fish communities in the Mozambique channel, as well as
emergent zooplankton at Praia do Tofo. Ideally these samples should be collected concurrently
with whale shark dermal connective tissue across all months of the year to capture any isotopic
seasonality, and allow direct comparisons. With improved knowledge of the isotopic variability and
isotopic space that emergent and deep water communities occupy, we will be able to more
confidently assess the contribution of each feeding strategy to the whale sharks diet. Electronic tags

fitted with 3-axis accelerometers to reveal detailed short term behaviours short
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Chapter S Dinner in the twilight zone: epipelagic species

use deep ocean resources

Results from the biochemical analysis of whale shark tissues has shown that while it may not be a
large part of their diet, deep-water plankton and fishes certainly play a role in whale shark feeding a
movement behaviour. This is also the case for a plethora of other pelagic species across the globe. In
this chapter I discuss how and why these species interact with potential food sources at depth, and the

importance of such a resource both ecologically, and commercially.

5.1 Abstract

Research and commercial interest in the deep ocean has exploded over the past two decades. The deep
scattering layer, often situated in the mesopelagic zone, is already recognised as an economically and
ecologically important fish resource. These mesopelagic species are preyed upon by a diverse range of
epipelagic predators around the world. Current knowledge likely underestimates the number of deep-
diving pelagic species, and the extent to which they use mesopelagic food resources. Here, we review
recent insights into the mesopelagic layer and summarise the diverse range of species that exploit this
resource. We argue that these deep-diving pelagic species should be included in future studies of
mesopelagic food web biomass and structure and considered in legislation pertaining to deep-water

resources.
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5.2 The Mesopelagic layer

The marine environment provides 99.83% of the habitable volume on this planet. The deep ocean is
the world’s largest ecosystem (Dawson 2012). The deep ocean system was historically characterised
as devoid of life (Sutton 2013), but modern sampling techniques, particularly combinations of
acoustic and optical sensing, intensive net-sampling and computer modelling (Sutton 2013, Irigoien et
al. 2014) have radically changed this view. It is now well established that water habitats can host
relatively high levels of biodiversity (Kendall & Haedrich 2006, Danovaro et al. 2010, Campell et al.
2011), high biomasses (Irigoien et al. 2014), and provide globally important ecosystem services
(Robison 2009).
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Table 5.1 Figure adapted from Brierley (2014). Diel vertical migration in the open ocean. An echogram from data in
the southwest Indian Ocean. The colour scale represents echo intensity, with stronger echoes from
denser aggregations of organisms. Figure demonstrates that some organisms ‘sit and wait” where
layers remain constant over time, while one layer shows classic DVM as organisms downwardly

migrate at dawn and return to the surface at dusk.

The deep pelagic is typically defined as the part of the water column deeper than 200 m. The
mesopelagic zone specifically refers to ocean waters between 200-1000 m depth. The mesopelagic
zone often contains a deep scattering layer (DSL), named after horizontal zones of living organisms,

usually schools of fishes and shrimp, that scatter or reflect sound waves leaving distinct echoes in
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depth sounders (Figure 5.1). Although the mesopelagic layer(s) do not receive enough sunlight to
support photosynthesis, the fauna that inhabit these depths are tightly coupled to the diel cycle. This
regular change in light levels drives a characteristic feature of the DSL: diel vertical migration (DVM)
(van Haren & Compton 2013). Herbivorous and omnivorous mesozooplankton feed mainly on
phytoplankton and microzooplankton. Phytoplankton and microzooplankton are at their maximum
densities in well-lit surface waters, where the mesozooplankton also face the threat of predation. To
minimise predation risk a large volume of the mesozooplankton use deeper water as a dark refuge,
moving synchronously towards the surface at dusk to feed, then returning to depth and safety at dawn.
This phenomenon is one of the largest daily movements of biomass on the planet (Brierley 2014). The
DVM has a profound effect on the daily movements of predators following the migrators of the DSLs
including micronektonic squids, crustaceans, fishes, marine mammals and birds (Hays 2003, Potier et
al. 2013), among other animals, all of which adapt their behaviour to take advantage of migrating prey
(Hays 2003, Anderson et al. 2018). Among the most important groups in the DSL are the myctophid
fishes. These fishes are the most common vertebrate group on earth, comprising an enormous global
biomass and creating a major tropic link between low and high level predators as well as playing an
important role in the active transport of carbon from productive surface layers to the deep sea (Irigoien

et al. 2014, Davison et al. 2015).

Mesopelagic fishes have also been highlighted as an under-exploited commercial resource that
could be used in production of fish meal and omega-3 dietary supplements for humans and
aquaculture (St. John et al. 2016, Anderson et al. 2018). Evaluating the sustainability of such
enterprise requires an understanding of the potential biological repercussions. Currently, there are no
accurate broad-scale biomass estimates, which are fundamental data for effective decision-making.
Manual sampling methods originally estimated the mesopelagic fish biomass in the open ocean at ~1
gigatonne (Gt) (Gjesaeter et al. 1980, Lam et al. 2005), which were followed by acoustic and
modelling techniques that increased this estimate 10-fold to ~11-15 Gt (Irigoien et al. 2014) (Figure
5.1). Manual methods are susceptible to underestimates, as some fishes can sense the pressure of an
approaching net and will avoid capture (Kaartvedt et al. 2012). Acoustic estimates are more precise
than trawls, but difficulties interpreting the resonance and scattering response of gas-filled swim
bladders still lead to substantial uncertainties in density and biomass metrics (Kaartvedt et al. 2012,
Sutton 2013, Davison et al. 2015, Anderson et al. 2018). More recent assessments, using carbon flux
food web models, have put the figure at a lower ~2.4 Gt (Anderson et al. 2018b). Though biomass
estimation techniques have advanced, none of the published estimates to date have included latitudes
above 40°N and below 40°S, nor have they incorporated spatiotemporal variability in fish biomass.

Mesopelagic fish research remains in its infancy.
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Figure 5.1 Figure showing the range of mesopelagic biomass estimates and the methods used.

Numbers refer to paper references. (1) Gjosacter et al 1980, (2) Lam & Pauly 2005, (3) Irigoien et al
2014, (4) Jennings & Collingridge 2015, (5) Proud et al 2016, (6) Proud et al 2018, (7) Anderson et al
2018.

The role of pelagic species in cycling nutrients between the surface and the mesopelagic is greater
than previously thought (Buesseler et al. 2007, Roman & McCarthy 2010, Saba & Steinberg 2012).
The DSL layer represents a substantial food and energy source for many vertebrate predators
(Pethybridge et al. 2011). Such predators include highly mobile pelagic species that move long
distances between patches of ephemeral productivity in the euphotic zone (Lalli & Parsons 1997,
Walli et al. 2009, Bauer et al. 2017), or between breeding and feeding grounds (Costa et al. 2011). The
results of large-scale tagging studies (Block et al. 2011) have shown that the extensive horizontal and
vertical movements of these predators are likely to influence the marine system through energy
transport and storage (Brierley 2014, Estes et al. 2016). These effects are strongest in areas that are
resource-limited. Energy transfer of key limiting nutrients encourages phytoplankton growth, which is
then perpetuated up the food chain to create a positive feedback system that enhances biodiversity and
biomass (Estes et al. 2016). As more pelagic predators are tracked with depth sensors, the extent to
which they utilise the mesopelagic zone is beginning to be discovered. Here, we will explore how
pelagic divers use and access mesopelagic resources, the cumulative ecological effects of such

behaviour, and where we believe the crucial omissions in research currently exist.
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5.3 Deep diving pelagic species

5.3.1 Barriers to access & adaptations

The relative proportion of an epipelagic species’ time spent in the mesopelagic zone foraging, and the
importance of this resource to each, varies greatly. This is principally due to the different
environmental conditions a predator encounters at these depths compared to its epipelagic habitat. A
dive from the surface to the mesopelagic zone is coupled with a decrease in water temperature, less
natural light, increased hydrostatic pressure, and less dissolved oxygen (Sepulveda et al. 2010). The
mesopelagic layer often contains the oxygen minimum zone (OMZ), or zones where animal
respiration result in low oxygen saturation levels (below the normal 4-6 mg 1" to below 2 mg 1) even
approaching anoxic conditions in some areas. Some species, such as the ‘vampire squid’
(Vampyroteuthis infernalis) have adapted to live permanently within low-oxygen zones, but many
migrate in and out (Lalli & Parsons 2013). Another feature often found in the mesopelagic layer is the
permanent thermocline, the water layer where the temperature gradient is at its steepest and
temperatures can drop by as much as 20°C. There are also seasonal and annual changes in the
thermocline, prey movement (Gleiss et al. 2013), and dynamic oceanographic conditions (Fuller et al
2015). For many epipelagic species, these inhospitable conditions mean that access to these depths is
prohibited altogether or severely limited through reduced dive times or dive frequencies. That said,
many have developed specialised behavioural and physiological adaptations (Kooyman & Ponganis
1998, Thorrold et al. 2014a) to facilitate foraging access. However, each species still has to balance
the energy costs and gains (Thygesen et al. 2016) if they are to be effectively exploit deep-water

resources.

5.3.2 Mammals and birds

The major adaptations deep diving species have developed are tied closely to their phylogeny. Air-
breathing marine mammals and birds maximise their aerobic dive limit and breath hold-capacity to
extend dive time. This is achieved physiologically by maximising oxygen storage with increased lung
capacity, blood volume, haemoglobin concentration, myoglobin concentration, and muscle mass
(Kooyman & Ponganis 1998). To reduce oxygen consumption, the mammalian dive response is
triggered when submerged: bradycardia (slowed heart rate) sets in to reduce the cardiac output, blood
pressure decreases as a result and vasoconstriction augments blood flow to the central nervous system
and heart (Panneton 2013). To deal with the effects of pressure on internal air spaces, diving birds and

mammals have flexible bones and tissue in their chest and structural modifications in their lungs to
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allow compression collapse of the air spaces at depth. This also helps to avoid N, absorption and

subsequent gas bubble formation in blood and tissues (Kooyman & Ponganis 1998).

There are also thermoregulatory costs involved for mammals and birds diving into colder
waters at depth. The animals have to balance metabolic rate, thickness of the lipid insulation layer,
buoyancy, and body temperature (Butler 2004, Rosen et al. 2007). Tied to thermoregulation and
diving capabilities is body size (Mori 2002). Animals with a larger mass have relatively lower mass-
specific metabolic rates, larger thermal inertia and greater oxygen storage capabilities (Noren &
Williams 2000). A relationship between deep diving and body sizes is apparent in intra- as well as
inter-specific comparisons (Irvine et al. 2000, Fowler et al. 2007). An animal’s adaption to dealing
with the constraints of the mesopelagic zone is not the only factor influencing their diving behaviour.
If comparable prey resources can be accessed for less energy output, for example in warmer water or
at shallower depths, epipelagic predators may not have to go to their physiological limits (Schreer &

Kovacs 1997, Croll et al. 2001, Carlson et al. 2014).

5.3.3 Fishes

Body size also influences diving capabilities in fishes, including dive frequency and duration
(Schaefer et al. 2011). Diving duration is often closely tied to thermal inertia in ectothermic animals
(Fuller et al. 2015), as bodily heat is lost quickly to water. During a dive to cooler water, fishes need
to both conserve heat acquired in surface waters and ensure that vital organs (brain, eyes, and
muscles) maintain functionality. Larger individuals lose heat slower, and can thus stay longer in
cooler water. Apart from the general concept of thermal inertia, fishes also employ both physiological
and behavioural strategies to handle low water temperatures at depth. Endothermy, the ability to
maintain an elevated body temperature through internally, muscle-generated heat, is an unusual
occurrence in teleost fishes. So far it has only been documented in tunas, mackerels (Scombroidei),
billfishes (Istiophoriformes) and some elasmobranchs, all of which all have oxidative muscle tissue
(heat producing red muscle) and achieve reductions in heat loss (Block & Finnerty 1994). Tunas warm
their muscles, brain and viscera using counter-current heat exchangers in the circulation (Thygesen et
al. 2016), while billfishes and mackerel have a thermogenic organ situated beneath the brain which
heat their brain and retina (Block & Finnerty 1994, Schaefer et al. 2011, Chiang et al. 2014). Several
families of elasmobranchs also employ analogous systems (Carlisle et al. 2011, Braun et al. 2014a,
Thorrold et al. 2014), including lamnid (porbeagle, mackerel, salmon, and white sharks) and alopiid
(thresher sharks) (Block & Finnerty 1994). Fishes also behaviourally thermoregulate to maintain body
temperature. This includes basking behaviour in warmer surface water after deep dives (Dewar et al.

2011, Howey et al. 2016) and diving behaviour to cool themselves after feeding in warmer water
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(Robinson et al. 2017). Additional physiological limitations imposed by hydrostatic pressure at depth
can also restrict the vertical habitat range of fishes (Graham 2004, Howey et al. 2016). Teleost fish
species with uncompressible gas-filled swim bladders save energy by maintaining neutral buoyancy
but are markedly more affected by pressure changes than elasmobranchs which control their buoyancy
instead with their fatty livers (Harden-Jones 1951, Denton & Marshall 1958). Tuna’s have either small
or no gas bladders which allows easier diving, but does require them to swim relatively rapidly to
generate enough hydrodynamic lift to avoid sinking (Graham 2004). However for all fishes, increased
hydrostatic pressure at depth can have significant affects on proteins and lipoprotein membranes
causing reduced or loss of functionality which can lead to motor coordination impairment, paralysis
and can affect cardiac function (Lalli & Parsons 2013, Brown 2014). As with decreased temperature,
this increased stress to the cells increases metabolic demand (Brown & Thatje 2015), and the
thermoregulatory adaptations mentioned above along with relatively large hearts and gill area help to
meet high metabolic demands (Randall 1970, Brill 1996, Graham 2004). Intertwined with lower water
temperatures are low oxygen conditions. In upwelling areas, at depth, and in the OMZ hypoxic
conditions restrict the vertical distribution of fishes as the partial pressure of oxygen in the water
decreases it is less readily taken up by the gills making it harder to meet the physiological demands
which leads to either changes in activity, vertical or horizontal habitat changes, and if inescapable
suffocation and death (Kramer 1987, Prince & Goodyear 2006, Chan et al. 2008). To counter this, the
deepest diving tuna have blood that has a significantly higher affinity for oxygen than other tunas
allowing them to be more tolerant of lower ambient oxygen conditions (Randall 1970, Lowe et al.

2000).

534 Reptiles

Reptiles have not been studied as much as diving birds and mammals, but they face the same
challenges during deep dives: low temperatures, low dissolved oxygen concentrations, low light
levels, and high pressures. Marine turtles spend as little as 3-6% of their life at the surface and thus
have been referred to as ‘surfacers’ rather than ‘divers’ (Hochscheid et al. 1999, Lutz & Musick
2002). Marine reptiles overcome the challenges associated with deep diving in much the same way
that marine mammals do, with efficient oxygen transport systems, tolerance of hypoxia, adjustable
metabolism, and important respiratory adaptations (Andersen 1966, Lutz & Musick 2002). Their body
plan also helps maximise their underwater efficiency, and the deepest diving marine turtles,
leatherbacks (Dermochelys coriacea), can conserve body heat to allow them to access colder waters. It
is their distinct morphology and physiology that allows leatherback turtles to dive uniquely deep for a
marine reptile (Fossette et al. 2012). Their flexible carapace and plastron, and compressible trachea

and lungs help to prevent nitrogen saturation (Fossette et al. 2010) similar to marine mammals. Aside
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from a counter-current heat exchanger in their flippers (Greer et al. 1973), leatherbacks have a mostly
unexplained ability to thermoregulate (Bostrom et al. 2010). As a result they have very low thermal
limit and consequently are the only marine turtle species to be found in cooler, temperate waters (Witt
et al. 2007). There is a wide variation in diving behaviour within and across species, but aside from
the unique leatherback, marine turtles generally use their adaptations for prolonging dive time (up to 5
hrs recorded), rather than dive depth, with most species remaining in the upper 20-50 m, which is

congruent with their broad but predominantly epipelagic diets (Lutz & Musick 2002).

5.4 Classification

Observations of deep diving pelagic species have been heavily biased towards cetaceans and
pinnipeds, that are relatively easy to tag when they surface or haul out (Watwood et al. 2006, Spitz et
al. 2011, Woodworth et al. 2012, Filous et al. 2017), and commercially important fish species such as
tuna (Walli et al. 2009, Goiii et al. 2011, Parrish et al. 2014, Pethybridge et al. 2014), billfishes
(Dewar et al. 2011), other teleosts (Sepulveda et al. 2011, Merten et al. 2014, Hedger et al. 2017) and
some elasmobranchs (Stevens et al. 2010, Cartamil et al. 2011). Many other sharks (Bonfil et al. 2005,
Stevens et al. 2010), rays (Canese et al. 2011, Braun et al. 2014, Stewart et al. 2016), some sea birds
(Piitz & Cherel 2005, Sleeman et al. 2010), and the occasional reptile (Okuyama et al. 2016) also enter

the mesopelagic zone, but are less represented in studies to date.

Deep-diving species have global impact. Their habitats extend from the poles (Raclot &
Groscolas 1998, Gallon et al. 2013) to temperate (Spitz et al. 2011) and tropical seas (Walli et al.
2009). They extend through the food web, and include apex predators (Bonfil et al. 2005) large
planktivorous filter feeders (Brunnschweiler et al. 2009), and exploit a broad range of dietary
resources (Chilvers et al. 2006, Williams et al. 2015). Body size ranges from the diminutive 5 kg
Adélie penguin (Cottin et al. 2014), to the largest animal on the planet, the 122, 000 kg blue whale
(Noren & Williams 2000, Croll et al. 2001). Many deep-diving species also have broad distributions,
and are highly mobile both horizontally across ocean basins and vertically through the water column

(Bonlfil et al. 2005, Perrin 2009, Orlov & Baitalyuk 2014, Blanchet et al. 2015, Bauer et al. 2017).
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Figure 5.2 Infographic showing the maximum dive depth of some pelagic divers and prey items relative to the mesopelagic and bathypelagic layers.
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We will survey epipelagic species, here defined as those species that must default back to waters
shallower than 200m, the surface, on indeed the shore, for critical behaviours such as breathing air,
reproduction, behavioural thermoregulation, and rest and recovery. Here ‘mesopelagic resources’
are defined as organisms that are part of the DSL, and or are predominantly considered resident to
the mesopelagic layer (200 m — 1000 m), including those that consistently remain at depth, and
those that undergo DVM. While this is a fluid concept, based on their usage of the mesopelagic
resource, epipelagic species can be broadly categorised into one of four groups. (1) Obligates, to
whom the resources in the mesopelagic layer are integral to their survival. (2) Opportunists, to
whom the resources in the mesopelagic layer are somewhat important, but not an essential part of
their survival. (3) Transients, which have been recorded in this layer, but infrequently or only for
short amounts of time. (4) Epipelagics, who rarely dive below 200 m, but show evidence of

tracking, and taking advantage of the DSL when it moves into the epipelagic zone.

Obligates are dominated by marine mammals and include some of the most well-known
deep divers, such as elephant seals (Mirounga leoninaare) (Jouma’a et al. 2016), Cuvier’s beaked
whales (Ziphius cavirostris) (Schorr et al. 2014), and sperm whales (Physeter macrocephalus) that
extensively feed on deep-sea squid (Guerra et al. 2017). Obligates also include a few large fish
species, including swordfish (Sepulveda et al. 2010), and the largest of the penguins (Kooyman &
Kooyman 1995, Piitz & Cherel 2005). In these species, a large proportion of their dives enter the
mesopelagic layer and are associated with foraging based on known diet (Dewar et al. 2011) and

behavioural proxies that correlate with feeding behaviour (Gallon et al. 2013, Naito et al. 2013).

Southern elephant seals in the Southern Ocean, one of the most well-known deep-diving pinnipeds,
feed on deep water squid and fishes and spend almost all their time whilst in the water diving, with
up to half their diving time foraging in the DSL (Robinson et al. 2012). Southern elephant seals are
dependent on small mesopelagic prey species (Naito et al. 2013). Swordfish (Xiphias galdius) are
one of the few epipelagicteleosts that depend on mesopelagic resources and spend up to 85% of
their deeper than 200 m in offshore waters in the Eastern Pacific (Dewar et al. 2011), though their
diving behaviour varies temporally and spatially. Tracks of both species show minimal surface
intervals or basking time between dives, leading to very distinctive dive profiles that indicate a
heavy reliance on DSL resources. Emperor and king penguins (Apfenodytes forsteri and A.
patagonicusi) are the largest of the penguin species, and the deepest diving birds (Kooyman &
Kooyman 1995, Piitz & Cherel 2005). Although most of the time their dives do not extend beyond
200 m, their heavy dependence on myctophid fishes, squid, and deep water amphipods in their diet
means they straddle the obligate and epipelagic category (Cherel & Kooyman 1998, Cherel et al.
2002).
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Opportunists encompass many more pelagic species than obligates. There are several large
elasmobranch species in this category (Gore et al. 2008, Brunnschweiler et al. 2009, Braun et al.
2014a), large endothermic teleosts (Walli et al. 2009, Gushchin & Corten 2017), some cetacean
species of varying size (Ohizumi et al. 2003, Baumgartner et al. 2017) and pinnipeds (Villegas-
Amtmann et al. 2008, Peterson et al. 2015). The dive profiles of these species show that most dives
are restricted to the euphotic zone with occasional deep dives to, or through, the mesopelagic layer.
Deep dives are followed by long intervals in surface waters, and bouts of deep dives often coincide

with specific seasons or environmental conditions.

Whale sharks (Rhincodon typus) and large-bodied mobulid rays (Mobula spp.) dive into the
mesopelagic layer to forage on mesopelagic fishes, shrimps, and zooplankton (Rohner et al. 2013,
Thorrold et al. 2014, Tyminski et al. 2015, Marcus et al. 2016). Dive profiles of whale sharks
indicate that they might, in addition to accessing the DSL in shallow water at night, also forage in
the mesopelagic zone opportunistically while on longer movements where they increase their dive
frequency and depth (Brunnschweiler et al. 2009). As well as the largest fish (whale shark), and the
largest rays (Mobula spp.) on earth, the ‘opportunist’ category also includes the largest teleost, the
ocean sunfish (Mola mola). Ocean sunfish target gelatinous zooplankton track seasonal upwelling
fronts where their prey are most concentrated (Sims et al. 2009a, Dewar et al. 2010, Thys et al.
2015). Ocean sunfish dive deeper and more frequently during the day where they can engage in

basking behaviour to thermoregulate (Dewar et al. 2010) and target the DSL for foraging.

Tuna and mackerel species are a uniquely endothermic group of fish species which target a
wide variety of prey items in the DSL. As with other endothermic pelagic predators they need to
thermoregulate and maintain high muscle temperatures. Thus they adapt the frequency, depth and
daily and seasonal timing of their diving behaviour to optimise their energy gains (Bauer et al.
2017, Gushchin & Corten 2017). Atlantic bluefin tuna (Thunnus thynnus) dive more frequently,
deeper, and more often during the daytime in the winter months, where the reverse is true in the
summer. Their increased diving behaviour coincides with reduced water stratification and greater
biological productivity, making diving less energetically costly and with a higher chance of

foraging success (Bauer et al. 2017).

Bigeye tuna (7. obesus) diving and foraging strategy is likewise geared towards maximising
energy harvest rate. As well as diel changes in diving behaviour, their diving strategy also changes
as they grow and their foraging efficiency increases. Models predict that the optimal foraging
strategy for larger bigeye tuna is to target the DSL during the day, where prey are abundant, and
warm up at the surface between dives. Smaller tuna should adopt more constant depth strategies.

These behaviours are mirrored in observed patterns (Thygesen et al. 2016).
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Dall’s porpoises (Phocoenoides dalli) switch their foraging strategy from epipelagic to
mesopelagic resources depending on prey availability (Ohizumi et al. 2003). This seasonal,
opportunistic behaviour represents many of the opportunistic marine mammal species (Burns et al.
2004, Villegas-Amtmann et al. 2008, Blanchet et al. 2015, Hedger et al. 2017). Opportunistic
sharks also show seasonal patterns in diving, but are more influenced by water temperature and

stratification than prey availability (Shepard et al. 2006, Carlisle et al. 2011, Carlson et al. 2014).

Conversely, mesopelagic resources play an important role for bluefin tuna during times of
low productivity, increasing deep-diving behaviour while in areas where prey is scarce at the
surface (Bauer et al. 2017). Bluefin tuna show increased dive depth during longer migrations to key
feeding grounds, and opportunistically forage at depth on their way (Walli et al. 2009).
Opportunistic use of mesopelagic resources in this way is also important to several other species
(Bonfil et al. 2005, Campana et al. 2011), including the only true deep-diving reptile, the
leatherback turtle (Fossette et al. 2012). Leatherbacks’ deep dives occur predominantly while they
target gelatinous zooplankton in the DSL during transit to foraging grounds, where they stay

shallow and feed on scyphozooan jellyfish (Houghton et al. 2008, Fossette et al. 2010).

Transient species are a mixture of animal classes and sizes. Grey seals (Halichoerus grypuin) in
Scotland occasionally dive into the mesopelagic zone, mostly during daylight hours when the DSL
is at depth (Beck et al. 2003), but as their main fish and cephalopod prey items (Hammond &
Wilson 2016) can all be found mostly in epipelagic waters (Bauchot 1987, Cohen et al. 1990) it is
likely they only occasionally need to dive deeper to find other prey.

Black marlin (Istiompax indica), blue marlin (Makaira nigricans), and white marlin (Kajikia
albiida) spend most of their time in the upper 100 m of the water column, with infrequent deep
excursions (Braun et al. 2015, Carlisle et al. 2017, Vaudo et al. 2017). Although most billfish
possess physical thermoregulatory abilities that would facilitate feeding in cooler waters, they show
a strong thermal preference for water >22°C, and actively avoid regions with low dissolved
oxygen. Both istiophorids and swordfish are visual predators, and while their characteristic large
eyes may provide an advantage during low light level feeding, their deepest dives are
predominantly during the day where they feed in the DSL. Their narrow thermal preference range
restricts foraging dives into cooler deeper waters to being short and infrequent (Braun et al. 2015,

Williams et al. 2017).

Oceanic whitetip sharks (Carcharhinus longimanus) also spend a small proportion of their
dive time deeper than 200 m (Howey-Jordan et al. 2013b). They have unusual V-shaped dives but
their slow ascent rates still suggest that one explanation for their deeper dives are might be foraging
(Howey-Jordan et al. 2013). Unlike other large deep diving species, like whale sharks, Chilean

devil rays, and tunas, their diving and swimming behaviour is wholly geared towards maximum
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energy efficiency (Papastamatiou et al. 2018). Oceanic whitetips are ectothermic, and
predominantly use behavioural thermoregulation to manage their body temperature and so forays
below the thermocline might be considered ‘high risk’ behaviour and are thus infrequent

(Papastamatiou et al. 2018).

Epipelagics represent most of the diving bird species, smaller cetaceans and pinnipeds, and lunge-
feeding baleen whales. Several of these species are concentrated at the poles. Antarctic penguin
species (African, adéle, gentoo, chinstrap) rely on Antarctic krill (Euphausia superba) as the most
important food resource, but as visual predators their foraging is governed by ambient light levels
(Wilson et al. 1993). Although krill swim deeper during the day than at night, the penguins have
greater foraging success during the day (Wilson et al. 1993), perhaps because the krill tend to form
more dense schools at depth during daylight hours and twilight (Demar & Hewitt 1995). Antarctic
krill are only occasionally found below 200 m depth (Siegel 2005). Penguins, along with other
epipelagic species that rely on krill, such as some baleen whales (fin, minke, humpback) thus do
not need to be deep divers to access their major prey resource. While most of their ecological
impact is expected to be in the epipelagic zone, these species still play a role in the deep sea
ecosystem as krill are important in the coupling of benthic and pelagic food webs (Schmidt et al.
2011) and baleen whales have been tied to the critical storage and cycling of iron in the Southern

Ocean (Nicol et al. 2010).

Several fur seal species have the opposite diving strategy and concentrate their diving and
foraging effort at night and target vertically migrating prey (Horning & Trillmich 1997, Francis &
Boness 1998, Gallo-Reynoso et al. 2008). In the Galapagos, the DSL remains below 200 m during
the day where it cannot be accessed by the Galapagos fur seals (Arctocephalus galapagoensis)
(Horning & Trillmich 1997). At night however, the DSL is in shallower water when the fur seals
dive up to a maximum of ~100m and use their exceptional eyesight and sensitive whiskers to target
their prey (Horning & Trillmich 1999, Ulrike Griebel 2002). Even though Galdpagos fur seals
rarely dive below 200 m, their primary prey are myctophid and bathylaglid fishes and cephalopods.
Their dive patterns are strongly affected by the seasonal lowering of the thermocline and lunar

cycle decreasing food availability (Horning & Trillmich 1997, 1999).

5.5 Ecosystem effects

Deep-diving pelagics have multiple effects on mesopelagic ecosystems, and vice versa. By acting
as vectors, deep-divers will play a role in active biological nutrient cycling connecting the surface
to deeper water. Through their uptake of biomass at depth they transfer energy and materials into

the euphotic zone from the mesopelagic (Estes et al. 2016). They will also transport this energy
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horizontally through the oceans, potentially across large distances (Estes et al. 2016), enhancing
primary productivity (Roman & McCarthy 2010). Concurrently, deep-divers likely play a role in
the biological active transport of carbon from surface waters to the mesopelagic for deep-storage.
An important process balancing the biogeochemical carbon budgets, whilst simultaneously

supporting the nutritional needs of a large demersal fish biomass (Trueman et al. 2014).

Predator-prey interactions of species in the mesopelagic with deep-divers will have a direct
and indirect trophic effects, including consumption, risk avoidance behaviour, and competition
(Estes et al. 2016). Myctophid fishes and deep-water cephalopods are the dominant prey choices
for many deep-divers. Changes in the distribution and population numbers of either prey or
predator will affect the other. Fisheries or conservation management will have to consider these

interactions.

The extent and type of ecosystem influence will vary between the deep-diving categories
presented here. Obligates make up a small proportion of all deep diving pelagics. However, given
their intense diving and feeding regimes (Bailleul et al. 2010, Schorr et al. 2014, Guerra et al.
2017), they would have a disproportionately large effect on local nutrient cycling, and direct
predation on mesopelagic species where they are present (Estes et al. 2016). They will also be the
first and most acutely affected group by any environmental or anthropogenic changes in

mesopelagic food abundance or location (Rodhouse 1990, Hindell et al. 2003).

Opportunists make up a larger proportion of deep diving species. While they might have a
less acute influence on the mesopelagic layer locally, the variety of species, target prey,
ecosystems, and seasonal timing of deeper diving in this group (Table 5.1) mean they would be
expected to have a widespread effect on the mesopelagic. This would mostly include predation of
mesopelagic resources in particular environmental conditions that promote energetically efficient

deep-water feeding (Ohizumi et al. 2003, Bauer et al. 2017).

Transient species, though capable of accessing deep water resources, choose to limit the time
they spend at depth as it is often not energetically possible, or efficient to do so. While they will
have a smaller impact on nutrient cycling and trophic ecology at depth, they are at risk of being by-
catch in mesopelagic fishing efforts and will be affected by future management of commercial
deep-water fisheries (Dewar et al, 2011, Bianchi et al. 2013, Braun et al. 2015). Already in New
Zealand sea lions (Phocarctos hookeri), resource competition with fisheries could be pushing the
species into transient mesopelagic diving behaviour, beyond their aerobic limits, in marginal

habitat (Chilvers et al. 2006, Leung et al. 2013, Meynier et al. 2014).

Some of the epipelagic species are visual hunters and diurnal divers and some are nocturnal
divers and taking advantage of DVM to access prey. As they rarely enter the mesopelagic layer, if

ever, their ecological impact is perhaps more indirect but disproportionately large, because of the



Chapter 5

sheer numbers of some epipelagic species (Wilson et al. 1991, Heise 1996) and the broad extent of

other species (Jefferson & Curry 1994, Heise 1996, Perrin 2009).

5.6 Observations and key research questions

It is clear that mesopelagic resources play an important global role to many epipelagic species.
Quantifying the importance of the mesopelagic layer to mobile pelagic species is challenging. This
in part due to the fact that our current understanding of energy flux, biomass dynamics and trophic
relationships within the mesopelagic is in it’s infancy (Anderson et al. 2018). One method is to
attach electronic sensors to individual animals and assess their behaviour and how much time they
spend in the mesopelagic zone. Such tagging studies are often limited by low sample sizes due to
high costs of tags (Canese et al. 2011), although the number of tagged animals is rising steeply.
Equally, although accelerometers have improved interpretations of diving behaviour (Watwood et
al. 2006, Gallon et al. 2013), without complementary diet studies these data are sometimes
cautiously interpreted as proxy behaviours are used to assume foraging behaviour where perhaps
energy conservation, efficient digestive absorption, or navigation may be the true motivations
(Watwood et al. 2006, Walli et al. 2009, Gallon et al. 2013, Tyminski et al. 2015, Howey et al.
2016). Stomach content analysis leaves less room for interpretation, but is a snapshot of the most
recent meal and has a tendency to overestimate the importance of prey with more indigestible body
parts, such as fish bones, over soft-bodied prey such as jellyfishes (Gofii et al. 2011). Multi-
disciplinary approaches (Raclot & Groscolas 1998, Banks et al. 2014) have provided more detailed
and conclusive results over space and time (Potier et al. 2013) but it remains likely that the scale of
interactions between deep divers and mesopelagic resources has so far been underestimated.
Species that are logistically easier to tag and commercially important species have received a
disproportionate amount of research efforts - many more species are likely to access and influence
deep-water resources. Pelagic deep divers are therefore an underestimated and unquantified link

between the mesopelagic and epipelagic layers.

We also advocate approaching this area of research another angle, where deep-diving
animals need not be simply passive subjects of deep-sea research, but appreciate that their
extensive physiological adaptations and behaviours mean they can be complicit in data collection
(Lydersen et al. 2002, Costa et al. 2008, Bailleul et al. 2015). The continued use of diving predators
as oceanographic sentinels, and use of autonomous ‘drone’ CTD’s (Conductivity-Temperature
Depth tags) has generated great swathes of data already (Treasure et al. 2017). In particular deep-
divers can access remote areas and provide in-situ data, for example elephant seals fitted with
Argos CTD-SRDL tags have successfully collected oxygen profiles in the Southern Ocean helping

to monitor the decrease in oxygen concentrations, a major global concern, and provide essential
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information about the biological status of a remote area which would be near-impossible with

research vessel surveys (Bailleul et al. 2015).

It is clear that mesopelagic resources can play an important role in the vertical dividing
behaviour of many pelagic species, yet there is little available information on how this might affect

their horizontal distribution and abundance.

The daytime depth of the DVM layer varies systematically over space and time reflecting
variables like oxygen concentration and SST (Bianchi et al. 2013, Klevjer et al. 2016). Variability
in daytime depth would also alter the proportional use of deep-diving resources for pelagic species,
especially those with more limited access. For many opportunists mesopelagic resources are
potentially important resources for long distance migrations, particularly when surface resources
are scarce. During these longer movements then, access to mesopelagic resources could shape or
influence migration patterns in pelagic opportunists. Whale sharks are found in relatively
unproductive tropical and subtropical waters where their food is scarce and patchily distributed, so
access to deep-water resources while searching for dense food patches is likely to be important.
Their diving behaviour has been explored as a proportion of their overall behaviour, and spatially
(ref). Separate to this their dietary input with regards to deep-water resources has been investigated.
However this has occurred as point estimates — the two are likely to influence each other and this
dimensional disconnect needs to be investigated. Therefore it would be prudent to explore the

spatial distribution of deep-water resource acquisition.

There is already some evidence that deep-water (>200m) temperatures can affect the
distribution and abundance of deep-diving fishes (Kleisner et al. 2010). Basking sharks, another
opportunistic deep-diver and megaplanktivore also show variable diving profiles depending on
their migration patterns. Those sharks that spent proportionally more time at depth were on longer
seasonal migrations from Scotland to the warmer waters of the Iberian peninsula and North Africa

(Doherty et al. 2017).

With the increasing interest in the deep-sea, suggest pelagic species should be considered
and included in future research on mesopelagic food web biomass and structure, legislation of

deep-water resources, and nutrient cycling.

There is a need for more research to be conducted on mesopelagic and DSL biomass
estimates, particularly in temperate and polar seas where estimates are completely lacking at the
moment (Webb et al. 2010). The role of pelagic species in the nutrient cycling between the surface
and the mesopelagic appears to be much greater than previously thought (Roman & McCarthy
2010, Saba & Steinberg 2012) and is essential information for accurate assessments of how

mesopelagic resources might be sustainably harvested (Anderson et al. 2018).
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Deep-sea cephalopods play an important role in marine food webs, and are an important food
source to many pelagic species (See Table 5.2 for refs). They are often poorly known as they have
lower value in commercial fisheries but should be considered in future biomass and food web

assessments (Spitz et al. 2011).

Few studies have looked into food web linkages within the mesopelagic zone (Petursdottir et
al. 2008) and applied this to management of commercial species (Parrish et al. 2014). Information
is lacking on how removal of pelagic species by overfishing might have top down effects on the
mesopelagic food web, and indeed how removal of harvested mesopelagic species may affect the
distribution and survival of pelagic species which rely on them (Robinson et al. 2010). This
becomes particularly pertinent when considering threatened species which exploit the DSL (Rohner

(Rohner et al. 2013).

Many of the species listed are endangered (Barcelo et al. 2013, Francis et al. 2015, Giménez
et al. 2018), are sensitive to climate change affecting their diving behaviour and subsequent
survival and exposure to fisheries by catch (Dewar et al. 2011, Bianchi et al. 2013, Howey-Jordan
et al. 2013b, Parrish et al. 2014, Braun et al. 2015, Brown & Thatje 2015) and some already use
mesopelagic resources as a lifeline in scarce times (Merrick & Loughlin 1997). As such, pelagic
deep divers should certainly be considered in future as more regulations of deep sea resources are

debated and implemented (Clarke et al. 2015).
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Common name Species name Class Max (m) Mean (m) Motivation Feeding Category DVM? Prey Electro Bio Stomach Location Paper refs
King_penguins Aptenodyte_patagonicus Bird 343 55 Foraging Obligate Y Myctophid fishes Y N Y Southern Ocean Putz et al et al 2005; Bost et al 2015: Cherel 2002
Emperor_penguin Aptenodytes_forsteri Bird 534 Foraging Obligate Y Antarctic silverfish, squid, krill Y Y Antarctic Kooyman & Kooyman 1995; Cherel & Kooyman 1998
Bigeye_thresher Alopias_superciliosus Elasmobranch 600 Obligate Y Y N Southeast Indian Ocean Stevens et al 2010; Cartamil 2010
Pacific_sleeper_shark Somniosus pacificus Elasmobranch 2008  100-300 Foraging Obligate Squid, crustaceans, fishes Y North Pacific Ocean Orlov & Baitalyuk 2014
Short_beaked_common_dolphin Delphinus_delphis Mammal 280 30-60 Foraging Obligate Myctophid fishes Y Alboran Sea Gimenez et al 2018; Ponganis 2015
Harp_seal Phoca_groenlandica Mammal 568 50-300 Foraging Obligate Y Polar cod, capelin, crustaceans Y Greenland Sea, Denmark Straight, Barents Sea Folklow et al 2004; Ponganis 2015
Beluga_whale Delphinapterus_leucas Mammal 647 50-350 Foraging Obligate Capelin, arctic cod Y Y Candian High Arctic Martin & Smith 1999; Watt et al 2016;
Citta et al 2013
Long_finned_pilot_whales Globicephala_melas Mammal 648 Foraging Obligate Y Ceplopods Y Y Norwegian Sea, Northeast Atlantic Spitz et al 2011: Aoki et al 2013; Baird et al 2002
False_killer_whale Pseudorca_crassidens Mammal 650 50-650 Foraging Obligate Y Mesopelagic fishes, squid Y Sea of Japan Minamikawa et al., 2013
Killer_whale Orcinus_orca Mammal 767.5 Foraging Obligate Y Cephalopods, patagonian toothfish Y N Prince Edwards Islands in the Southern Ocean Reisinger et al 2015
Ross_seal Ommatophoca_rossii Mammal 792 100-300 Foraging Obligate Y Antarctis silverfish, squid, krill, myctophids Y Queen Maud Land, Antarctica Blix et al 2007
Blainville's_beaked_whales Mesoplodon_densirostris Mammal 1599  835-1099 Foraging Obligate N Squid Y Johnson et al 2004; Baird et al 2008
Sperm_whale Physeter_macrocephalus Mammal 2250  400-900 Foraging Obligate Y Y N Atlantic Ocean; Tasman Sea Guerra et al 2017; Watwood et al 2006;
Jaquet et al 2000
Southern_Elephant_seal Mirounga_leonina Mammal 2388 269-552 Foraging Obligate Y Y Y Southern Indian Ocean; Southern Ocean Bailleul et al 2010; Jouma'a et al 2015
Cuvier's_beaked_whale Ziphius_cavirostris Mammal 2992 1070-1334  Foraging Obligate Y Cephlopods Y Northeast Pacific, Mediterranean, Hawaii Schorr et al 2014; Johnson et al 2004;
Baird et al 2008
Weddell_seal Leptonychotes weddellii Mammal 904  150-400 Foraging Obligate Y Antarctic silverfish Antarctic Heerah et al 2013; Castellini et al 1992a;
Pilot_whale Globicephala sp. Mammal 1019  100-800 Foraging Obligate Y Squid Y Mediterranean, Norewegian Sea Baird et al 2002; Heide-jgrgensen et al 2002
Baird's_beaked_whale Berardius_bairdii Mammal 1777 100-1500 Foraging Obligate Cephlopods, hake, rat-tails Y Y Antarctic, Brazil, Japan Ponganis 2015; MacLeod et al 2003;
Minamikawa et al 2007
Hooded_seal Cystophora_cristata Mammal >1016  100-600 Foraging Obligate Y Squid, polar cod, capelin Y Y Norwegian Sea, Greenland Sea Folkow & Blix 1999; Haug et al
Pigmy sperm whale Kogia_breviceps Mammal - - Foraging Obligate Y Cephlopods, fishes, crustaceans Scott et al 2001; Mcalpine 2009
Risso's_dolphin Grampus_griseus Mammal - - Foraging Obligate Squid North Pacific, South Pacific, Wells et al 2009
North Atlantic
True's_beaked_whale Mesoplodon_mirus Mammal >700 - Foraging Obligate Squid, mesopelagic fishes Macaronesia, New Zealand, Hernandez-Milian et al 2017
South Africa, Ireland
Swordfish Xiphias_gladius Teleost_Fish 673 31-273 Foraging Obligate Y Cephlopods, mesopelagic fishes Y Eastern North Pacific, Sepulveda et al 2010b
Southern California Bight
Bigeye_tuna Thunnus_obesus Teleost_Fish 1826 Foraging Obligate Y Crustaceans Y Western Pacific, Eastern Pacific Thygsen et al 2016; Fuller et al 2015;
) Musyl et al 2003
Northern _bottlenose_whale Hyperoodon_ampullatus Mammal 1483~ 800 Foraging Obligate Nova Scotia Hooker & baird 1999; Ponganis 2015
Narwhal Monodon_monocerus Mammal >1400 Foraging Obligate Polar cod, squid, shrimp, halibut Y Y Candian High Arctic Heide-Jprgensen et al 2003; Laodre et al 2003
Sowerby's_beaked_whale Mesoplodon_bidens Mammal ~1000 Foraging Obligate Mesopelagic & benthopelagic fishes, gadiformes Y North Atlantic Spitz et al 2011; Wenzel et al 2013
Yellowfin_tuna Thunnus_albacares Teleost_Fish 1423 Foraging Obligate Y Epipelagic fish, crustaceans, cephlopods Y Y Baja California, Seychelles Schaefer et al 2011; Dagorn et al 2006
Bowhead_whales Balaena_mysticetus Mammal 582 36-115 Foraging Opportunistic Calanoid copepods Y Y Canadian High Arctic
Caribbean_reef_shark Carcharhinus_perezi Elasmobranch 356 Foraging Opportunistic ~ Y/N Snapper, grouper Y West Caribbean Sea Chapman et al 2007
Reef_manta_ray Mobula_alfredi Elasmobranch 432 Foraging Opportunistic Y Plankton Y Y Red Sea Braun et al 2015;
Spiny_dogfish Squalus_acanthias Elasmobranch 4815  25-100 Foraging Opportunistic Y Squid, hake, ctenophores Y Northwestern Atlantic, Gulf of Maine, Carlson et al 2014
North Carolina
White_shark Carcharodon_carcharias Elasmobranch 980 Navigation/Foragir Opportunistic Fishes, marine mammals Y South Africa Bonfil et al 2005
Porbeagle_shark Lamna_nasus Elasmobranch 1024 766.4 Foraging Opportunistic Y Myctophids, cephlopods, flatfish Y N New Zealand Francis et al 2015; Joyce et al 2002
Salmon_shark Lamna_ditropis Elasmobranch ;364) >700 Foraging Opportunistic A Salmon, herring Y Gulf of Alaska Weng et al 2005; Carlisle et al 2011

Table 5.2 Table showing deep-pelagic dicing species. Maximum recorded dive depth (Max (m)), mean recorded diving depth (Mean(m)), their feeding category as described here, evidence
of diel vertical migration diving behaviour, their recorded target prey types, they types of studies on each species including electronic tagging (Electro), biochemical analysis

(Bio), and stomach contents analysis (Stomach), and the location and references of studies published.
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Chapter 6 Summary Conclusions

6.1 Summary of Findings

Whale sharks are the largest extant fish. They are an iconic, docile, and charismatic megafauna
species. Yet whale sharks still face multiple threats worldwide, and the global population has been
halved by over-exploitation in recent years (Pierce & Norman 2016). Many fundamental aspects of
their biology and life-history remain poorly-known (Rowat & Brooks 2012, Pierce & Norman
2016). The identification of coastal aggregation sites for the species has provided an excellent
opportunity for researchers to study whale sharks. This has led to thorough characterisation of
aggregation demographics and visual observations of diurnal feeding behaviour at many of these
sites (Wilson et al. 2005, Meekan et al. 2006, Rohner et al. 2011, 2015, Rowat et al. 2011,
Robinson et al. 2013, Hueter et al. 2013). However, these sites are almost all biased towards
juvenile male sharks, and their movements and habitat use when they are absent from these areas
have received less attention. In this project the overarching aim was to integrate modern
biochemical techniques with longer-term individual photo-identification data to provide a more
holistic, time integrated insight of the habitat use and feeding habits of whale sharks — although

similarly constrained to juvenile shark aggregations.

Chapter 2: I aimed to use the natural latitudinal isotopic gradients present across the Indian Ocean
in conjunction with long-term photo-ID datasets to assess the connectivity between whale shark
coastal aggregations sites. I set out to test the assumption that the whale shark aggregations in
Tanzania, Mozambique, and Qatar comprised a single functional subpopulation as genetic data

suggests.

I have demonstrated that we can use existing isotopic latitudinal gradients and bulk 5"°N and
3"C values to provide new information about connectivity between whale shark aggregations. Data
show that although there was high individual variation in the isotope profiles of sharks from each
location, comparison with latitudinal isotope data suggest that sharks had shown site fidelity to
each study area over the period of isotopic integration. I have also identified a potential area of
resource sharing for Tanzanian and Mozambican sharks. Comparing whale shark data to existing
3"C spatial models I have surmised that this is most likely in the productive upwelling areas in
northern Mozambique. These data have led to the conclusion that the subpopulations addressed
here exist over smaller geographical scales than previously thought. Conservation initiatives can
therefore target local aggregations for regional results. This means that threat profiles and
population trends should be assessed on a more local and / or regional basis, rather than ocean-

basic scale.



Chapter 3: Following on from Chapter 2, I aimed to use both stable isotope analysis and fatty acid
analysis simultaneously to take a more detailed look at the trophic ecology of whale sharks at
Mafia Island. I aimed to explore what these methods could tell us about the importance of the
whale sharks’ seasonal inshore feeding to their overall dietary intake, and their true feeding

ecology within in the context of the Mafia Island food web.

In this chapter I have demonstrated that both stable isotope and fatty acid analysis can be
useful and informative tools for investigating whale shark trophic ecology. Each method revealing
slightly different aspects of whale shark feeding behaviour. Stable isotope data suggest the sharks
are foraging within the local food web where a wide range of isotopically different nutrient

pathways available to them, corroborating results from Chapter 2.

By contrast, fatty acid analysis shows highly distinctive lipid class compositions for whale
sharks, but also indicates a reliance on epipelagic prey. Fatty acid analysis was more sensitive to
temporal dietary shifts than stable isotopes, and showed seasonal population-level responses to
changing environmental conditions. Previously, anomalous fatty acid profiles in whale sharks have
been interpreted as representing a major contribution of an unrecognised and unknown diet source.
Here I proposed an alternative hypothesis, preferential dietary routing, which would suggest the
fatty acid analysis results need to be interpreted with caution as they may not be a direct reflection
of diet. Based on these results, I suggest that in future both methods be used in conjunction to more

fully understand the feeding ecology of both whale sharks and other marine species.

Chapter 4: I aimed to use stable isotope analysis to more closely examine the trophic ecology of
whale sharks within the food web in Tofo Beach, Mozambique. I set out to investigate whether the
sharks were predominantly targeting coastal upwelling zones, or if there is any evidence of them

feeding elsewhere.

Here I used stable isotope analysis and dietary mixing models to demonstrate that the whale
sharks at Tofo Beach, Mozambique seem to be feeding predominantly on surface zooplankton both
inshore and offshore. Isotope results do not preclude the possibility of contributions to diet from
emergent and deep-water zooplankton and fishes. Whale sharks show a degree of feeding site
fidelity to the area. This is consistent with previous tagging studies, and results from Chapter 2.
Within year temporal variations at the population level suggests that ocean-scale dynamics are
likely to play an important role in the whale shark abundance and sightings along the Inhambane

coast.

The potential diet sources included in the mixing model analyses could not fully explain the
observed whale shark isotopic compositions. This could be explained either by an un-sampled §"°C
source that is depleted in "*C potentially offshore or oligotropic in nature, or the preferential routing

of *C depleted lipids from zooplankton into the connective dermal tissue proteins.
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Chapter 5: In this chapter I set out to explore and critically assess the current literature on the

interactions of deep-diving pelagic species with mesopelagic resources.

Research and commercial interest in the deep ocean has exponentially grown over the past
two decades. The deep scattering layer is already considered an economically and ecologically
important resource. A diverse range of pelagic animals already exploit and rely on this resource,
with species spanning multiple classes within the animal kingdom. Adaptations, usually congruent
within each class, determine the potential diving capabilities and access each species has to the
deep-water resources. These species have global reach and have a wide range of resultant
ecosystem effects. Current knowledge likely underestimates the number of deep-diving pelagic
species, and the extent to which they use mesopelagic food resources. I have argued that these
deep-diving pelagic species should be included in future studies of mesopelagic food web biomass

and structure and considered in legislation pertaining to deep-water resources.

With the threat of overfishing, increase deep-water fishing, climate change, and increasing
oxygen minimum zones, many pelagic species are under threat. An increased understanding of
pelagic species interaction with the deep scattering layer is critical information for and predicting
their responses to change, and planning conservation strategies. Emerging technology for tracking
and remote data collection and biochemical techniques will play an important role in improving

this knowledge in the future.

6.2 Method Assessment and Work Going Forward

Whilst beyond the scope of this thesis, there are several areas of research that could be pursued in

order to improve and develop the work presented here.

Currently one of the major barriers to further, more insightful isotope studies includes the
lack of data and understanding of isoscapes in the Western Indian Ocean. Better characterisation of
3'"°N 8"°C and also &**S surface isoscapes, isotopic depth gradients, and temporal changes in isotope
values would allow more detailed and conclusive studies on whale shark movement and residency.
These isoscapes could then be applied to any highly mobile marine species in the region. These
data would help tackle outstanding information about pelagic species’ behaviour as outlined in
Chapter 5. While this is a huge undertaking, currently there is scarce isotopic data from this region
on this spatial scale. Ideally ‘on the ground’ sampling from multiple trophic level species should be
carried out to characterise the baseline isotopic conditions. There is potential in utilising future
cruises running from ports in South Africa and Madagascar through Mozambique Channel up to

Tanzania to sample multiple species, and perhaps build up a temporal dataset



A more inclusive latitudinal stable isotope studies should be undertaken with all the known
aggregation sites along the east coast of Africa and the Arabian region. This would allow further
the understanding of connectivity between all the major whale shark sites, and add to the current
knowledge about their connectivity from long-term global photo-ID datasets. This would provide a
more explicit and larger scale picture of the interactions and potential resource sharing of whale

sharks in this ocean basin.

There was some isotopic evidence of sex-and size-related dietary shifts in whale sharks
throughout this study (Chapters 2-4). As previously discussed here (Chapters 2-4), this could be the
result of either a shift in target, or a spatial shift. Results presented here suggest that larger sharks
are feeding at higher trophic levels, and / or deeper in the water column, and potentially a lower
latitudes (Borrell et al. 2011, Marcus et al. 2016). Results from females suggests they are likely
feeding more often offshore, and potentially a lower trophic levels. The results presented here were
inconclusive. Although, given the absence of larger sharks and females from coastal feeding areas

it seems likely that such a difference exists.

One of the main limitations throughout this study has been the assumptions and lack of
knowledge about whale shark specific tissue fractionation and lipid pathways, and the mechanisms
of preferential routing as outlined in Chapter 3. A future focus of the global whale shark
community should be to prioritise what are historically quite rare stranding events to sample
multiple tissue types within individuals. Calculating specific tissue offsets and comparing lipid
profiles of multiple sharks will provide much needed clarification about biochemical pathways in

this species, and may shed light on the similarly unique species of manta rays.

Chapter 5: highlights the need for a greater understanding of pelagic species’ feeding and
movement ecology. Especially those that are wide ranging and deep-diving, like whale sharks, as

they can have broad ecological impacts.

Overall I have demonstrated that stable isotope analysis is a useful and flexible tool that can
be used in multiple ways to investigate the trophic ecology of a mobile marine animal. In this
context stable isotope analysis is best used in conjunction with other methods (Chapters 2 & 3) and
prior knowledge to infer more conclusive and meaningful insights. Here I have presented novel
understanding of both the feeding ecology, and the movement and residency of whale sharks in the
western Indian Ocean and Arabian Gulf (Chapters 2-4). I have applied this across large spatial and

temporal scales (Chapter 2), and within local food webs (Chapters 2 & 4).

When used as a complementary technique stable isotopes stable isotopes provide researchers
with a useful tool for spatial and trophic ecology studies. I believe with additional isoscape data
and more a refined understanding of biochemical pathways stable isotope analysis will be able to

provide clearer, more detailed insights.
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