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Abstract
The seasonal appearance of the whale shark (Rhincodon typus) at Ningaloo Marine Park (NMP)
is generally understood to occur primarily for feeding purposes. Despite this, knowledge of
their foraging ecology at Ningaloo Marine Park remains scarce. Passive feeding, whereby R.
typus swims with a partly or fully open mouth, is commonly observed during the day at
Ningaloo Marine Park. Active feeding results in much higher prey consumption with R. typus
individuals observed breaking the surface and exhibiting rapid accelerations in their efforts to
catch prey. While there are only limited observations of R. typus actively feeding at Ningaloo
Marine Park the majority of observations have been around sunset and during the night. It has
previously been hypothesised that this diurnal variation in foraging effort is related to the
diurnal vertical migration of their zooplanktonic prey.
This study aimed to test this hypothesis by examining the variation in zooplankton abundance
and composition at a study site within Ningaloo Marine Park over a 24 hour period. Plankton
samples were also collected near passively feeding R. typus individuals to examine the
requirements of passive feeding and how it may be influenced by zooplankton diurnal vertical
migration at Ningaloo Marine Park. Finally, aerial surveys were undertaken to study the surface
abundance of R. typus, comparing the number of surface sightings along a set transect between
day and dusk.
A significant increase in zooplankton surface concentration was recorded at night compared to
the day, which is consistent with the classical zooplankton diurnal vertical migration. All diurnal
migrators recognised to contribute to this trend were classified as Crustacea, an energy dense
prey source for R. typus. These results support the theory that the increase in R. typus actively
feeding following sunset at Ningaloo Marine Park coincides with an increase in prey
iii

concentration. Passive feeding activity did not appear to relate to prey abundance, suggesting
that it is unlikely to be affected by the diurnal variation in potential prey distribution. Although
results from aerial surveys confirmed that a greater number of surface sightings of R. typus
occurred at dusk compared to day, the validity of these results were reduced by the high
variability in R. typus sightings between days. Electronic depth data logging tags are
recommended for future studies to further explain the vertical distribution and movements of
R. typus.
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Chapter 1 Introduction

The world’s largest fish, the whale shark (Rhincodon typus) is also the largest filter feeding fish,
feeding primarily on zooplankton (Taylor, 1996, 2007; Colman, 1997; Clark and Nelson, 1997;
Taylor and Pearce, 1999; Heyman et al., 2001; Wilson and Newbound, 2001; Jarman and
Wilson, 2004; Nelson and Eckert, 2007). Rhincodon typus is listed as ‘vulnerable’ under the
Australian Government’s Environment Protection and Biodiversity Conservation Act 1999 and
listed globally as ‘vulnerable to extinction’ by the International Union for Conservation of
Nature (IUCN, 2012).
The frequent appearance of R. typus in surface waters close to the coast has supported the
development of a number of ecotourism industries worldwide, including in Western Australia
(Ningaloo Reef), Seychelles, Mexico, Philippines, Maldives, Belize, Honduras, Mozambique,
Kenya, and Djibouti (Bennett et al., 2003; Graham, 2004; Irvine and Keesing, 2007; Norman and
Catlin, 2007). At Ningaloo Reef, each R. typus had an estimated conservation value in 2007 of
AU $282000 (Norman and Catlin, 2007), highlighting their regional economic importance. The
success of these industries demonstrates the socio-economic value of R. typus, which
contributes greatly to the demand for effective conservation.
Role of Ecology in Conservation Management
Ecological studies play an important role in conservation management, increasing the
understanding of a species prey and energy requirements and how this influences their
movements (Abrams, 2007; Barnett and Semmens, 2012; Fitzpatrick et al., 2012). Considering
the vulnerable status of R. typus, together with its global distribution, it is surprising that
knowledge of their foraging ecology remains fairly limited (Rowat and Brooks, 2012). The
regular appearance of R. typus at a number of shallow coastal locations provides an ideal
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situation to examine how variations in zooplankton communities influence their movements
and foraging behaviour (Rowat and Brooks, 2012). The findings may assist in explaining the
importance of these sites to the overall life history of R. typus, and so support their long term
conservation.
Significance of Ningaloo Marine Park for Whale Shark Foraging
The appearance of R. typus at Ningaloo Marine Park (NMP) between March and July is thought
to primarily occur for the purpose of feeding (Taylor, 1996; Meekan et al., 2006). The
aggregation coincides with the annual multi-species coral spawn which occurs seven to nine
days after the full moon in March (Simpson, 1991). This generates a subsequent increase in
zooplankton populations in April, which are sustained for several months (Taylor, 1996). The
theory that NMP represents a feeding aggregation is supported by the dominance of juvenile
males (Norman and Stevens, 2007), discounting other possible social drivers for aggregation,
such as breeding or birthing (Meekan et al., 2006). Whilst numerous studies infer that
variations in zooplanktonic prey communities influence the movements of R. typus at NMP, few
studies have specifically examined this (Gunn et al., 1999; Taylor and Pearce, 1999; Wilson et
al., 2006; Sleeman et al., 2007).
Significance of Diurnal Feeding at Ningaloo
In 2012, an aggregation of approximately 30 R. typus individuals was observed actively feeding
around dusk at NMP by the Western Australian Department of Parks and Wildlife (DPaW),
formerly known as the Department of Environment and Conservation (DEC). The rate of prey
consumption during active feeding is much greater than that consumed during passive feeding,
and short bursts of active feeding can have an energy return equivalent to several hours of
passive feeding (Nelson and Eckert, 2007). During daylight hours at NMP, R. typus is commonly
2

observed exhibiting passive feeding (Taylor, 2007). There is a growing body of evidence that
active feeding behaviour following dusk may in fact be common for R. typus (Wilson et al.,
2006, Taylor, 2007; Gleiss et al., 2013), noting that there has been limited physical observation
opportunities at night reflecting the reduced search effort (at night) compared to during the
day. Therefore, to better understand the foraging ecology of R. typus at NMP, there is a need to
further explore their diurnal movement patterns and the factors influencing these.

1.1 Foraging Ecology of the Whale Shark
Diet

Despite the large size of R. typus, individuals are able to sustain themselves by filter feeding
primarily on zooplanktonic prey (Motta et al., 2010). Direct analysis of stomach content of
R. typus in the wild has been limited to opportunistic studies following stranding (Rao, 1986).
Further studies have examined the diet through the analysis of faecal samples, stable isotope
samples, behavioural observation, and plankton tows (Taylor, 1996, 2007; Norman, 1999; Clark
and Nelson, 1997; Taylor and Pearce, 1999; Heyman et al., 2001; Wilson and Newbound, 2001;
Jarman and Wilson, 2004; Nelson and Eckert, 2007; Meekan et al., 2009; Borrell et al., 2011).
These studies have revealed that R. typus consume a diverse range of prey including:
Copepoda, Euphausiacea, Chaetognatha, Salpida, Mollusca, Isopoda, Amphipoda,
Stomatopoda, crab larvae and eggs. The nutrition and energy available from these different
prey sources depends on their biochemical composition, mainly carbon, nitrogen and hydrogen
concentrations (Matondka et al., 1995).
Energy Requirements
Despite the number of dietary studies on R. typus, little is known of their energy requirements.
A study by Motta et al. (2010) calculated that two R. typus individuals, a female measuring 443
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cm total length (TL) and a male measuring 614 cm TL had a daily energy requirement of 14931
and 28121 KJ, respectively. Energy requirements in R. typus are expected to exhibit variation
between gender and life history stages (Wearmouth and Sims, 2008; Borrell et al., 2011;
Ketchum et al., 2013). The drag and extra energy required for R. typus to swim with its mouth
open suggests that it does not feed continuously (Colman, 1997; Gleiss et al., 2010; Motta et
al., 2010). Total energy requirements may be met in a few or several hours, depending on prey
concentration and energy content (Motta et al., 2010). Gleiss et al. (2010) suggested that R.
typus at NMP may be able to satisfy a significant proportion of its energy requirements in short
periods of active feeding (~8 min. per day) upon locating a temporally abundant concentration
of prey.
Prey Detection Capability
Studies on the sensory abilities of R. typus in detecting prey are limited and this is likely to be a
consequence of the difficulties encountered when working with large pelagic vertebrates.
However, the reduced eye size suggests that they are not heavily reliant on visual senses (Clark
and Nelson, 1997). The use of olfaction in sharks to detect prey is well documented (Hueter et
al., 2004) and although plankton does not emit an identifiable scent, the dimethyl sulphide
released when herbivorous zooplankton graze on phytoplankton is detectable (Nevitt et al.,
1995). Gustation is also proposed to represent a significant search tactic for R. typus (Nelson
and Eckert, 2007; Taylor, 2007; Gleiss et al., 2010). The presence of ampullae of Lorenzini in R.
typus suggests that it is plausible that they can sense planktonic prey via the detection of
minute bio-electric fields (Kalmijn, 1984; Rowat and Brooks, 2012).
Zooplankton exhibits a patchy and highly dynamic distribution (Folt and Burns, 1999), which R.
typus must locate in order to consume concentrations sufficient for optimal feeding (Nelson
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and Eckert, 2007). Rhincodon typus has been recorded circling or slowing down within patches
of high zooplankton density (Gunn et al., 1999; Nelson and Eckert, 2007). This behaviour is an
example of Area Restricted Search (ARS), which is common amongst predators navigating a
complex or patchy prey distribution (Kareiva and Odell, 1987; Boyd, 1996; Sims et al., 2006).
The theory states that predators will attempt to maximise time spent in productive patches,
whilst adopting a more linear transit between patches (Kareiva and Odell, 1987).
Higher order predators are often able to anticipate productive prey patches based on their
prior experience, thus generating a form of spatio-temporal memory map (Sims and Quayle,
1998). This is termed ‘predicted search’ and has been found to increase the success of search
efforts of predators (Sims and Quayle, 1998). For R. typus, this may include the association
between certain oceanographic features such as reef openings and upwelling areas, and high
abundances of potential prey (Gleiss et al., 2010). Although the sensory mechanisms of R. typus
are poorly understood, they do possess a mechano-sensory lateral line; this makes it plausible
that they can recognise such oceanographic features by detecting variations in current strength
and direction (rheotaxis) (Rowat and Brooks, 2012). The appearance of R. typus at locations
where prey is artificially provided such as lift net fisheries in Cenderawasih Bay, West Papua
(Stewart, 2011), and tourism feeding in Oslob, Philippines (Tanawan, 2013) demonstrates their
ability to learn and respond to predictable prey patterns.

1.2 Influence of Zooplankton Variation on Whale Shark Foraging
Threshold Prey Concentrations

A ‘threshold prey concentration’ refers to the concentration required to warrant feeding for a
predator, based on the balance between energy available and energy expended catching prey
5

(Boyd, 1996; Sims and Quayle, 1998; Nelson and Eckert, 2007). Below this threshold, predators
will attempt to minimise energy expenditure in locating the next patch (Sims and Quayle, 1998;
Hill et al., 2003; Thums et al., 2011). By closing their mouth, R. typus significantly reduces drag,
improving the energy efficiency of their movements (Gleiss et al., 2010). A study by Nelson and
Eckert (2007) found that when R. typus was feeding primarily on Copepoda of mixed species,
they had a threshold feeding concentration of 104 individuals.m-3. Zooplankton vary
considerably in their biochemical compositions, and hence their nutritional value (Matondka et
al., 1995, Harris et al., 2000). Prey thresholds for R. typus are thus likely to differ between
locations, reflecting the dominant prey species in that community.
Feeding Behaviour
Rhincodon typus exhibits three main feeding behaviours: sub-surface passive, vertical suction
feeding, and active ram-surface feeding (Nelson and Eckert, 2007; Rowat and Brooks, 2012).
Sub-surface passive feeding (Figure 1a) is characterised by a partly or fully open mouth, with
filtration occurring from forward motion without obvious gill pumping (Taylor, 2007). Vertical
suction feeding (Figure 1b) involves near vertical body positioning with the mouth pointed at
the surface, in a mostly stationary position with the individual actively gulping or suctioning
surface waters (Nelson and Eckert, 2007). During active ram-surface feeding (Figure 1c) the jaw
and upper head of R. typus breaks the surface, and they use their forward movement and to a
lesser extend the suctioning of water, to filter prey (Nelson and Eckert, 2007).
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Figure 1: Examples of feeding behaviours in Rhincodon typus including: a) sub-surface passive
feeding, b) vertical suction feeding (Blue Sphere Media, 2011) and, c) active ram-surface
feeding (Motta et al., 2010).
7

The feeding behaviour adopted by R. typus has been found to be dependent on both the prey
concentrations and species present (Nelson and Eckert, 2007; Ketchum et al., 2013). Although
vertical suction feeding and active ram-surface feeding result in much higher prey consumption,
they occur at a higher energy cost than passive feeding (Nelson and Eckert, 2007). As a result,
these ‘active’ feeding behaviours are only energy efficient at high prey densities (Motta et al.,
2010; Ketchum et al., 2013). A certain threshold prey concentration will exist where the net
energy costs of active feeding exceed the energy available, causing ‘passive’ or closed mouth
cruising to ensue (Nelson and Eckert, 2007).

1.3 Influence of Zooplankton Distribution on Whale Shark Movements

To maximise foraging potential, predators often have a distribution that exhibits a strong
overlap with that of their prey (Boyd, 1996; Sims and Qualye, 1998; Barnett and Semmens,
2012). The dependence of R. typus on high concentrations of prey to maximise foraging
efficiency makes them particularly sensitive to variations in prey distribution (Colman, 1997). As
such, zooplankton abundance has been found to influence the seasonal and spatial distribution
of R. typus (Gunn et al., 1999; Taylor and Pearce, 1999; Eckert and Stewart, 2001; Wilson et al.,
2001b).
The reliable aggregation of R. typus at a number of coastal locations coincides with seasonally
localised abundances of their prey including: coral spawning at Ningaloo Reef (Simpson, 1991;
Taylor, 1996), fish (Lutjanus cyanopterus and Lutjanus jocu) spawning events in Belize (Heyman
et al., 2001; Graham et al., 2006), crab (Gecarcoidea natalis) spawning events in Christmas
Island (Hobbs et al., 2009), and copepod (Acartia clause) blooms in Mexico (Clark and Nelson,
1997; Nelson and Eckert, 2007). Such seasonally localised abundances of zooplankton can arise
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from a number of interacting physical (oceanographic concentration), biological (rapid
population increase), and behavioural (aggregating for the purpose of birthing, mating, or
predator avoidance) factors (Folt and Burns, 1999; Taylor and Pearce, 1999; Graham et al.,
2001; Bode et al., 2005). The consistent return of R. typus to these coastal feeding locations has
been attributed to the reliability and relatively long retention time of these abundant prey
sources (Eckert and Stewart, 2001; Wilson et al., 2001b; Nelson and Eckert, 2007).
Rhincodon typus sightings within coastal areas have also been correlated to a number of
oceanographic features including: converging water masses, upwelling, reef openings, and
currents (Gunn et al., 1999; Taylor and Pearce, 1999; Heyman et al., 2001; Wilson et al., 2001b;
Hsu et al., 2007; Venegas et al., 2011, Anderson, 2012). Zooplankton have limited control over
their movements, and as a result are known to passively concentrate at features listed above
(Folt and Burns, 1999; Wilson et al., 2001b, 2002, 2003; Strzelecki et al., 2007). It is this
abundance of potential prey that is proposed to explain the attraction of R. typus to such
oceanographic features, where they may be able to anticipate the concentration of prey (Gunn
et al., 1999; Anderson, 2012).

1.4 Diurnal Variation in Zooplankton Communities and its Implications to the Whale Shark
Diurnal Vertical Migration (DVM) of Zooplankton

Vertically migrating behaviour has been observed in most taxonomic groups of zooplankton
(Hays, 2003). The ‘normal’ DVM pattern is for zooplankton to ascend to the surface waters at
sunset and to descend to deeper water during sunrise (Iwasa, 1982). This behaviour is thought
to be an anti-predator defence mechanism that is driven by the trade-off between high
predation risk in surface waters during the day, and the reduced growth in cooler, deeper
waters (Loose and Dawidowicz, 1994; Han and Straskraba, 1998; Hays, 2003). The migration to
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more productive surface waters at night reflects the reduced predation risk from visual
predators, driven by low light levels (Dawidowicz et al., 1990). This anti-predation hypothesis
predicts that DVM should be more pronounced in species that have a high susceptibility to
predation by visual predators, such as large or pigmented species (Hays, 2003). A number of
vertical migrators display reverse DVM, ascending during the day and descending at night
(Ohman et al., 1983; Hays, 2003; Strzelecki et al., 2007). This is thought to be an adaption to
avoid invertebrate predators undergoing classic DVM that are not limited to visual predation
(Ohman et al., 1983).
However, not all zooplankton undergo DVM, resulting in a fairly homogenous abundance
throughout the water column over time (Pijanowska and Dawidowicz, 1987). This may be
because certain species lack the physical capabilities or the incentives to migrate (Harris et al.,
2000). Many species that are capable of vertical migrations still do not display this behaviour
under certain conditions (Wilson et al., 2003; Sims et al., 2005). The classic DVM model follows
the assumption that surface waters will provide higher food abundances and that predators are
reliant on visual senses (Hays, 2003). Resource availability may not necessarily be lower at
deeper depths (Williamson et al., 1996), and where food is abundant at deeper depths there is
often no nocturnal vertical migration (Pijanowska and Dawidowicz, 1987). Conversely, when
food is scarce zooplankton may spend both day and night in the surface waters, indicating that
starvation outweighs predation risk for survival (Huntley and Brooks, 1982).
Zooplankton communities may fluctuate spatially and temporally for reasons other than
vertical migrations (Harris et al., 2000). For example, variations in concentration and
composition may result from spawning events, swarms and/or blooms which lead to localised
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concentrations of particular taxon (Simpson, 1991; Babcock, 1995; Graham et al., 2001; Wilson
et al., 2001a; Mackie, 2007).
A study on the differences between warm and cold core eddies in north-west Australia
recorded a number of diurnal vertical migratory species (Strzelecki et al., 2007). Of the 53
species that contributed to the difference between day and night assemblages in that study, 36
had a greater surface abundance at night including; Pleuromamma spp., Scolecithricella spp.,
Nannocalanus minor, Clausocalanus spp., Lucicutia spp., Ctenocalanus spp., Oithona spp.,
Ostracoda and Euphausiid furcilia, whilst Calocalanus spp., Appendicularia spp. and Euphausiid
calyptopis were more abundant during the day. However, zooplankton community structure
and extent of DVM is likely to vary with season, depth and oceanographic conditions. This
highlights the need to examine zooplankton and R. typus DVM simultaneously (Huntley and
Brooks, 1982; Pijanowska and Dawidowicz, 1987).
The Implications of Zooplankton Diurnal Vertical Migration on the Foraging Effort and Vertical
Distribution of Zooplanktivores
Given the number of zooplankton species that undergo DVM, it is not surprising that many
higher order predators have also been observed undergoing DVM, including: the basking shark
(Cetorhinus maximus) (Sims et al., 2005), megamouth shark (Megachasma pelagios) (Nelson et
al., 1997), Atlantic redfish (Sebastes spp.) (Gauthier and Rose, 2002), swordfish (Xiphias gladius)
(Carey and Robinson, 1981), and fur seals (Arctocephalus spp.) (Croxall et al., 1985). A study by
Sims et al. (2005) was able to prove that the DVM of zooplankton was the key factor
determining vertical habitat selection of C. maximus. In deep, well-stratified waters, C. maximus
exhibited DVM following the DVM of zooplankton, detected as sound-scattering layers (Sims et
al., 2005). However, in areas of tidal fronts C. maximus exhibited reverse DVM, linked to the
11

reverse DVM of their zooplankton prey. It is therefore plausible that the foraging effort and
vertical movements of R. typus may also be influenced by habitat specific variations in
zooplankton DVM.
Until relatively recently, research on R. typus foraging behaviour and vertical movements has
been restricted to direct observations (Gudger, 1941; Clark and Nelson 1997; Taylor, 2007). As
such, research effort has largely been constrained to the day; due to the limitations in viewing
and operating surveys in the dark (Taylor, 2007). This challenge in studying the diurnal patterns
in R. typus movements has been partly overcome by advances in technology including acoustic
telemetry (Carey and Robinson, 1981; Gunn et al., 1999), Smart Position or Temperature
Transmitting (SPOT2) satellite tags (Hsu et al., 2007), Pop-up Archival Transmitting (PAT) tags
(Wilson et al., 2006, 2007), and multisensory ‘daily diary’ data logging tags (Wilson et al., 2008).
Although all of these tags have the ability to record movement patterns over a 24 hour period,
daily diary tags also record the speed, acceleration and orientation of individuals over the
tagged period (Wilson et al., 2008; Gleiss et al., 2010, 2013). From these data, the behaviour
and feeding mode of tagged individuals can be inferred, providing context for any diurnal
vertical movements recorded.
Within NMP, the majority of feeding observations of R. typus have been recorded as subsurface passive feeding behaviour (Norman, 1999; Taylor, 2007), which is typical in areas of low
plankton density (Nelson and Eckert, 2007). However, active ram-surface feeding has been
observed following dusk on a several occasions (Taylor, 2007; B. Norman, pers. comm.).
Records from ‘daily diary’ data logging tags are providing growing evidence for an increase in
activity levels and active feeding behaviours following sunset at NMP (Gleiss et al., 2010, 2013).
It is suggested that this may relate to the DVM of zooplanktonic prey reaching concentrations
12

sufficient for active feeding at the surface following dusk (Gleiss et al., 2013). In contrast, R.
typus in Mexico is frequently observed actively feeding during the day where they target
daytime surface blooms of the copepod A. clause (Nelson and Eckert, 2007). Thus diurnal
variation in the local prey community appears to influence the diurnal foraging regimes of R.
typus.
At NMP, R. typus spend the majority of their time in surface waters <15 m deep, with the
percentage of time spent in water <15 m deep being greater at night (49.7%) compared to the
day (36.9%) (Wilson et al., 2006). These findings are consistent with the results from a previous
study conducted by Gunn et al. (1999). A higher proportion of time spent at the surface at night
has also been recorded in Belize (Heyman et al., 2001; Graham et al., 2006) and the Seychelles
(Rowat and Gore, 2007). A reversed trend, with a greater proportion of time spent at the
surface during the day has been recorded in Djibouti (Rowat et al., 2007) and Mexico (Motta et
al., 2010).
It is postulated that the diurnal vertical distribution of R. typus reflects foraging effort and
hence, the habitat specific diurnal variations in the zooplankton community (Gunn et al., 1999;
Wilson et al., 2006; Rowat and Gore, 2007). Despite this, few studies have analysed the diurnal
movements of R. typus and zooplankton simultaneously. In contrast to the previous studies
mentioned, Gleiss et al. (2013) found individual R. typus tagged at NMP displayed only
moderate diel changes in depth use, despite an increase in active surface feeding at night. This
suggests foraging effort may not be the sole factor influencing their vertical movements.
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1.5 Aims

The aim of this thesis is to ascertain the extent of DVM in the zooplankton community at NMP,
and how this may be influencing the foraging behaviour and vertical distribution of R. typus.
Previous studies suggest that R. typus at NMP display more active feeding behaviour following
sunset and throughout the night (Gunn et al., 1999; Wilson et al., 2006; Taylor, 2007; Gleiss et
al. 2013). Their dependence on high concentrations of prey led to the hypothesis that this
increase in foraging effort at night coincides with an increase in the surface concentration of
zooplankton following DVM.
To investigate this hypothesis, this thesis has the following aims:
•

determine the changes in zooplankton concentration and composition over a 24
hour period, at a specific study site within Ningaloo Marine Park,

•

examine the plankton concentration and composition at locations where R. typus
exhibit passive and active feeding behaviours,

•

compare the surface abundance of R. typus between day and dusk time periods, and

•

relate the diurnal variation in potential prey to the foraging habits and vertical
distribution of R. typus.
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Chapter 2 Site Description and Methods

2.1 Site Description of Ningaloo Marine Park

Ningaloo Marine Park (NMP) (Figure 2) is located ~1200 km north of Perth, the capital city of
Western Australia, and covers both State and Commonwealth jurisdictions (Commonwealth of
Australia, 2002). The park encompasses most of the Ningaloo Reef and 260 km of coastline,
extending from Point Murat (21°50’S) in the north (near Exmouth) and south to Amherst Point
(23°35’S) (Figure 2). The park boundaries extend between 11.5 and 20.5 km beyond the reef
crest, encompassing a total area of 4587 km2 (LeProvost et al., 2000; Commonwealth of
Australia 2002). The Ningaloo Reef is recognised as one of a declining number of near pristine
coral reefs and it provides habitat for a diverse range of marine species (Cassata and Collins,
2008). The close proximity of the reef and marine park to the coast (200 m to 7 km) makes it a
highly valued location for research, recreation, and a number of commercial ventures (GWA,
2005).
This study was conducted at the northern end of NMP between Tantabiddi (21° 53’S and 113°
59'E) and Turquoise Bay (22° 5'S and 113° 53'E), extending 1.5 km westward from the reef crest
(Figure 2). Aerial surveys operated out of Learmonth airport, 35 km south of Exmouth. A
weather station is located at Learmonth that was accessed via the Bureau of Meteorology
(BOM) site (BOM, 2013) for climate and weather data. Tide, swell and moon phase for
Tantabiddi was accessed via the BOM site (2013). The set study site for the 24 hour plankton
sampling was located directly west of Tantabiddi (North) Passage (21°52’S 113°57’E), in 30 m of
water (Figure 3). This site was chosen due to a high number of sightings of R. typus being noted
at this location, which was presumed to be related to a high abundance of prey (Gunn et al.,
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1999; Anderson, 2012). It was also chosen due to its close proximity to Tantabiddi boat ramp,
for practicality and safety reasons when working at night.

Figure 2: Locality map of Ningaloo Marine Park in Western Australia.
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Figure 3: Aerial photo of the locality of the study site for 24 hour plankton sampling. Image
created using geographic information system program esri ArcGIS.

2.1.1 Physical Environment

The region has an arid climate that is characterised by hot summers (average maximum
temperature 38 °C) and mild winters (average maximum temperatures 24 °C) (BOM, 2013). The
ocean temperature around NMP ranges mostly between 22 and 28 °C, with considerable
variation recorded seasonally but not on a daily or weekly scale (Collins et al., 2003; AIMS,
2013). Most rainfall generally occurs in the winter months between May and July, with an
average annual rainfall of 267 mm (BOM, 2013). The wind regime is dominated by southerlies
with an average speed of 6.1 m.s-1 (Collins et al., 2003). South to south-westerly afternoon sea
breezes are common in summer (BOM, 2013). Periodic cyclones result in above average rainfall
and wind strength every two years on average (Loneragan et al., 2013).
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Ningaloo Marine Park experiences high wave energy as well as a significant tidal influence
(Cassata and Collins, 2008). The area has an average swell of 1.5 m and seas of 1.2 m, with
cyclonic conditions causing a marked increase from this average (Collins et al., 2003). Tides at
Tantabiddi are mixed with a tidal range of 1.5 m (BOM, 2013).
Ningaloo Reef extends for over 300 km, forming a discontinuous barrier with a number of reef
openings (GWA, 2005). This allows the exchange of cool, high saline lagoon waters with warm,
lower salinity coastal waters. This exchange is particularly visible at tidal ebbs and has been
associated with high biological activity (Wilson et al., 2001b).
There are two main ocean currents that influence the area: the Leeuwin Current and the
Ningaloo Current (Figure 4). The Leeuwin Current is a warm water current that flows in a
southerly direction in deeper waters along the continental shelf (Woo et al., 2006). The flow of
the Leeuwin Current is present year round, but is strongest in the winter and autumn months,
when southerly winds are less pronounced (Woo et al., 2006). Unlike other eastern boundary
currents, the pole-ward flow of the Leeuwin Current suppresses the upwelling of cold, nutrientrich sub-surface waters (Hatcher, 1991; Pearce, 1991). Its presence has allowed the
development of a number of tropical ecosystems unique for their geographic location (Hatcher,
1991; Taylor and Pearce, 1999; GWA, 2005). The Ningaloo Current flows in an opposing
northerly direction, in shallower continental shelf waters (Figure 4). The flow of the Ningaloo
Current is driven by southerly winds, causing greater flow in the summer months, causing
minor upwelling (Woo et al., 2006).
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Figure 4: The major currents influencing oceanographic dynamics at Ningaloo Marine Park
(DEWHA, 2009).

The strength and relative dominance of the Leeuwin and Ningaloo Currents varies interseasonally. The strength of the Leeuwin Current has been related to El Niño/Southern
Oscillation (ENSO) which is generated from fluctuations in air pressure (Pearce and Phillips,
1988). In La Niña years, the Leeuwin Current is stronger, leading to the advection of warm
tropical waters further south (Wilson et al., 2001b). In El Niño years this is reversed, with a
weakening of the Leeuwin Current, and the lowering of sea levels and water temperatures off
Western Australia. When both the Leeuwin and Ningaloo Current are strong it is thought there
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is greater entrainment of nutrients and plankton (Taylor and Pearce, 1999; Wilson et al.,
2001b).
Meso-scale eddies that occur off the North West Cape of the Australian coast are an important
feature for the retention of nutrients and plankton communities within NMP (Taylor and
Pearce, 1999; Hanson et al., 2005; Woo et al., 2006). The development of these eddies is
influenced by the unique bathymetry of the area and its role in facilitating the mixing of the
Leeuwin and Ningaloo Currents (Hanson et al., 2005; Woo et al., 2006). The northern section of
NMP represents Australia’s narrowest stretch of continental shelf (Hearn et al., 1986). Beyond
the reef edge the water depth increases rapidly with depths reaching 100 m less than 6 km
from shore and 1000 m less than 20 km from shore (Woo et al., 2006; Colquhoun et al., 2007).
The narrow shelf in conjunction with prevailing alongshore winds, favours the mixing of the
Leeuwin and Ningaloo Currents, causing recirculation and the formation of meso-scale eddies
(Woo et al., 2006).
The physical oceanography within NMP strongly influences the productivity of the surface
waters (Rousseaux et al., 2012). The Mixed Layer Depth (MLD) refers to the depth at which
water density is roughly the same as the surface (Rousseaux et al., 2012). Salinity and
temperature profiles are closely related to the MLD due to their influence on water density
(Rousseaux et al., 2012). Following the strengthening of the Leeuwin Current in autumn, the
MLD deepens to around 120 m, causing the nutrient concentration of surface waters to
increase, followed by an increase in chlorophyll a (Rousseaux et al., 2012). Chlorophyll a is
often used as a measure of phytoplankton abundance and ocean productivity (Sleeman et al.,
2007; Sequeira et al., 2012). The average chlorophyll a concentration within NMP ranges from
0.1–0.3 µg.L-1, peaking in autumn (Rousseaux et al., 2012). The reason for the chlorophyll a
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peak in autumn as opposed to winter when the MLD is at its deepest is thought to be due to
the greater abundance of grazers (Rousseaux et al., 2012).

2.1.2 Biological Environment

Ningaloo Marine Park supports over 300 species of coral (Simpson, 1991; DSEWPC 2011); about
1000 species of fish, including a number of shark species (Fox and Beckley, 2005); a wide range
of macro-invertebrates (Cassata and Collins, 2008); and a number of mega-fauna, including
whale sharks (R. typus), whales (e.g. Megaptera novaeangliae, Balaenoptera acutorostrata,
Eubalaena australis and Balaenoptera musculus), dugongs (Dugong dugon), coastal manta rays
(Manta alfredi), turtles (e.g. Chelonia mydas, Caretta caretta, Eretmochelys imbricata) and
dolphins (e.g. Tursiops truncatus, Stenella longirostris, Sousa chinensis) (Preen et al. 1997;
GWA, 2005; Sleeman et al., 2007; Brown et al., 2012). A number of marine plant communities
also exist in the area including seagrass, turf algae, encrusting algae, and coralline algae
(Cassata and Collins 2008). The comparatively high biodiversity observed at NMP is attributed
to a number of physical features including its location, structural complexity, range of benthic
and intertidal substrates, and the unique currents influencing the area (Hatcher, 1991; Taylor
and Pearce, 1999; Colquhoun et al. 2007; Sleeman et al., 2007).
In the austral autumn, Ningaloo Reef experiences a multispecies synchronised coral spawn from
over 100 coral species of the order Scleractinia (Simpson, 1991). This ecologically important
event occurs annually, generally between seven and nine days following the full moon in March
(Simpson, 1991; DEWHA, 2009). In some years there is a second significant spawn following the
full moon in April (Simpson, 1991). The timing coincides with the annual strengthening of the
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Leeuwin Current and increasing in water temperatures (Simpson, 1991; Rosser, 2013). The
spawn occurs three to four hours after dark, during the ebb of the neap tide (Simpson 1985).
The coral spawn provides an abundance of food for a number of reef animals. Many animals
capitalise on the high productivity by spawning concurrently with the coral spawn (Taylor and
Pearce, 1999). This in turn attracts larger zooplanktivores to the area, including the seasonal
appearance of R. typus (Taylor, 1996). The amount and timing of coral spawn fluctuates
between seasons and the impact of this variability on reef organisms is not fully understood
(Simpson, 1991; Rosser, 2013).

2.2 Field and Laboratory Methods
2.2.1 Plankton Sampling - 24 Hour

Zooplankton samples were collected over a 24-hour period between the 18th and 19th of April,

2013. Sampling occurred two weeks after the major annual coral spawn (3rd– 6th April 2013)
when zooplankton was predicted to be at peak abundance (Simpson, 1991; Gunn et al., 1999;
Taylor, 2007). General weather and tide conditions for this date were sourced from BOM (2013)
(Table 1).
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Table 1: Tide, winds, lunar phase, swell and air temperature for Learmonth/Tantabiddi on the
18/04/2013 (BOM, 2013; Geoscience Australia, 2013).
Variable

Measurement

Tide

high: 1.25 m at 03:45
low: 1.04 m at 08:21
high: 1.55 m at 14:45
low: 0.8 m at 22:02

Winds

09:00: SSW 4 kn
15:00: SW 11 kn

Lunar phase
Swell

1.5 m

Temperature

21.6–35.9°C

Zooplankton sampling commenced at 06:00 on the 18th of April 2013 and concluded at 02:00 on
the 19th of April 2013, with plankton samples collected every 4 hours (06:00, 10:00, 14:00,
18:00, 22:00, and 02:00). Based on 06:37 sunrise and 18:09 sunset times (Geoscience Australia,
2013), this regime allowed the collection of two day, two night, and two twilight sample times
to compare diurnal changes in zooplankton communities. For each sample time, four replicate
horizontal plankton tows and four replicate vertical plankton tows were conducted using a
General Oceanics Plankton Net (Figure 5; 0.5 m diameter, 335 µm mesh size, 1.5 m length),
totalling 48 samples. Three replicates were analysed, the fourth sample was collected as a
precaution in the event that any samples were lost or damaged. The chosen mesh size targets
macro- and meso-zooplankton, which based on the filter pad size of R. typus and previous
ecological studies, is thought to be of most nutritional significance to R. typus (Harris et al.,
2000; Motta et al., 2010). The simple net design was chosen due to its ease of use,
comparatively low cost, and ability to be towed from any size vessel without the need for
winches (Harris et al., 2000). The same net was used for horizontal and vertical samples, with
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the cod-end modified with weights for vertical hauls. Weights were employed to maintain the
correct orientation on upward hauls.
The volume of water filtered was measured via a General Oceanics Digital Flowmeter (Model
2030R, with standard rotor). This was mounted to the centre of the bridle just behind the
mouth of the net. This positioning has been found to produce the most accurate results (Harris
et al., 2000) (Figure 5).
Horizontal plankton tows were conducted to determine surface zooplankton concentration and
composition. Horizontal zooplankton samples preceded vertical samples as surface zooplankton
concentration was predicted to display more variation with time (Enright, 1977; Iwasa, 1982;
Loose and Dawidowicz, 1994). The procedures were adapted from the ICEZ Zooplankton
Methodology Manual (Harris et al., 2000) and were similar to those used in previous foraging
studies (e.g. Nelson and Eckert, 2007; Taylor, 2007). The net was lowered into the water just
below the surface and towed from the boat at approximately 1 m.s-1, traveling in a slight circle
to reduce the impact of propeller wash (Figure 5). This speed was chosen to balance net
avoidance at low speed with the extrusion of zooplankton through the net and water diversion
experienced at high speeds (Goswami, 2004). The start time was recorded and the net was
towed for approximately two minutes before being retrieved, at which point the finish time of
the tow was recorded.
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Figure 5: General Oceanics Plankton Net showing a) net deployment, b) the attachment and
position of the flowmeter, and c) a horizontal tow deployment.
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Vertical plankton hauls were conducted to sample the zooplankton concentration and
composition throughout the entire water column. The methods for vertical zooplankton
sampling were adapted from Goswami (2004) and were similar to those used in other studies
(e.g. Weibe and Benfield, 2001; Etile et al., 2009). The bottom depth at the site was 32 m and
the net was lowered to 30 m in order to avoid sampling the benthos and possibly clogging the
net. The net was then pulled to the surface at approximately 0.5–1 m.s-1 for the duration of the
pull timed as per Goswami (2004). This method of sampling the water column assumes that the
net is pulled vertically, however some degree of angle will result from the boats natural drift
(Harris et al., 2000). The cod-end of the net was weighted to reduce the amount of drift error
and ensure correct orientation (Harris et al., 2000).
Once on the boat, the plankton present on the inside netting were washed to the cod-end using
a pressure hose. Excess water was drained from the cod-end against the netting to concentrate
plankton into the cod-end (Harris et al., 2000). Samples were transferred into 1 L collection
containers and preserved in 5% formalin solution premixed with seawater for later taxonomic
analysis (Harris et al., 2000). The solution was buffered with borax to ensure the optimum
preservation of calcareous shelled zooplankton which are sensitive to pH (30 g borax per 1 L of
40% formalin concentrate) (Harris et al., 2000; Suthers and Rissik, 2009).
Environmental parameters (dissolved oxygen, salinity, and temperature) were recorded at the
commencement of each sampling period using a YSI Model 85 handheld system. Three
replicates of these parameters were obtained from 0.5 m below the surface for each sampling
period. Readings from different depths were not taken as the seasonal average mix layered
depth (~100 m) (Rousseaux et al., 2012) generously exceeded the maximum depth of the study
site (30 m) and the equipment required to sample at deeper depths was not available.
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Flowmeter readings were recorded before and after all horizontal and vertical tows to allow
calculations of the volume of water sampled (m3) that has passed through the plankton net.
Calibration was conducted in the week prior to sampling to ensure rotor constant (26873) was
consistent with those used for calculations in the manual (General Oceanics, 2013) as
presented below:

Distance (m) =

Difference in counts × Rotor constant
999999

Speed (cm/s) =
Volume (m3 ) =

Distance (m) × 100
Time (s)

3.14 × (Net diameter)2 × Distance
4

Where: Difference in counts = flowmeter reading after tow minus the reading before the tow
Rotor Constant = 26873
Net diameter = 0.5 m

2.2.2 Feeding Encounters and Sampling

A Cessna 172 spotter plane (Norwest Air Work, Exmouth) was used to direct the research vessel
(6 m Boston Whaler) to foraging R. typus individuals. It was assumed that actively feeding
individuals would be noticeable from the surface as they break the water with their mouth
and/or tail (Nelson and Eckert, 2007). When feeding was not clearly evident from the surface
(Figure 6), an observer entered the water to determine whether sub-surface passive feeding
was exhibited. Sub-surface passive feeding was acknowledged when the mouth was partly to
fully open, with filtration occurring from forward motion without obvious gill pumping (Taylor,
2007) (Figure 1a).
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Figure 6: Rhincodon typus viewed from aerial survey on the 23rd May, 2013 at NMP.

Rhincodon typus individuals were observed undergoing sub-surface passive feeding on four
separate occasions, with the details of each encounter outlined in Table 2. At each of these
encounters, four replicate horizontal tows (F1–F4) were collected as per methods in the 24
hour sampling (Section 2.2.1), comprising a total of 16 plankton samples. Samples were
collected as near to the R. typus individual as possible without disturbing it, as per previous
foraging studies (Nelson and Eckert, 2007). Despite attempts to locate active ram surface
feeding in R. typus, it was not observed and hence no samples could be taken to compare to
sub-surface passive feeding samples.
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Table 2: Details of the four Rhincodon typus feeding encounters including: plankton samples collected, date, time, Global Positioning System
(GPS) location (latitude, longitude), tide (m), swell (m), maximum and minimum air temperature (°C) for that date, lunar phase, wind
direction for am (09:30) or pm (14:30) (BOM, 2013).
Encounter Plankton
Sample #
1
1F1–1F4

Date

Time

Location

Tide

Swell

Air temp.

17/05/13

10:40

22°04’5S: 113°52’E

high: 2.04 m at 03:07
low: 1.22 m at 08:27
high: 2.20 m at 14:34
low: 0.97 m at 21:19

1m

14.0–27.1°C

ESE 6 kn
(am)

2

2F1–2F4

18/05/13

10:30

22°01’S: 113°53’E

high: 1.99 m at 03:48
low: 1.31 m at 9:11
high: 2.06 m at 15:16
low: 1.08 m at 22:01

1m

16.3–26.3°C

SSE 9 kn
(am)

3

3F1–3F4

24/05/13

10:20

22°01’S: 113°53’E

high: 2.38 m at 09:02
low 1.17 m at 2:42
high: 2.03 m at 22:11
low: 0.79 m at 15:50

1.5 m

11.6–24.8°C

NE 5 kn
(am)

4

4F1–4F4

17/05/13

17:45

22°03’S: 113°53’E

high: 2.04 m at 03:07
low: 1.22 m at 08:27
high: 2.20 m at 14:34
low: 0.97 m at 21:19

1m

14.0–27.1°C

calm 0 kn
(pm)
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Lunar

Wind

2.2.3 Plankton Laboratory Analysis

Bio-Volume and Biomass Determination
The settled bio-volume of the plankton sample was calculated for the four replicates of each
sample period as outlined in Goswami (2004). Samples were drained using 335 µm mesh,
scraping plankton into a 25 mL measuring cylinder with 0.5 mL increments. Plankton
remaining on the net or on the side of the container was rinsed off and pipetted into the 25
mL measuring cylinder. This was left to settle for 24 hours before settled volume was
recorded (Harris et al., 2000) (Figure 7). Although some degree of shrinkage due to
preservation was expected, no correction was suitable due to the range of taxonomic
groups in the samples (Harris et al., 2000). Bio-volume was measured three days after
preservation when the rate of shrinkage was predicted to have stabilised.

Figure 7: Settled plankton bio-volumes from samples collected from horizontal tows at
02:00, 22:00, 18:00, 14:00, 10:00, 06:00 (left to right) on the 18–19th of April 2013
from the study site within NMP.
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Plankton Abundance
Plankton abundance was counted for the three replicates of each sample period (36
samples). Any large or unusual zooplankton were identified and recorded for the whole
sample (Harris et al., 2000). Sub-sampling was necessary due to the excessive time needed
to count the full sample. Samples were made up to a dilution of five times the settled biovolume (e.g. 5 mL bio-volume is adjusted to 25 mL; 30 mL bio-volume is adjusted to 150
mL). This procedure was carried out so that all samples when stirred would have the same
concentration of organisms per unit volume (Frolander, 1968). This was conducted so that a
sub-sample volume could be chosen which would give approximately 400 zooplankton
individuals, regardless of the initial sample concentration. This is thought to be the ideal
number of zooplankton individuals required to provide a representative sub-sample as well
as reducing counting error (Frolander, 1968; Harris et al., 2000). Based on pilot samples in
this study, 4 mL was calculated as the appropriate sub-sample volume. Sub-samples were
obtained using a 5 mL Stempel pipette to take 4 mL from the middle of the sample whilst
mixing the sample and keeping plankton in suspension (Harris et al., 2000; Strzelecki et al.,
2007; Etile et al., 2009). This is the most accurate sub-sampling method when samples are
dominated by meso-plankton (0.2–20 mm), producing a coefficient of variation of 7–9%
(Harris et al., 2000).
Zooplankton were identified and counted using a dissecting microscope (Kyowa model S2M
zoom range 0.6x–3x) and gridded petri dish, counting small aliquots at a time. Counts of
general taxonomic groups were made, allowing later analysis of community structure as
well as total abundance (ind.m-3). Taxon groups included Copepoda, Chaetognatha,
Echinodermata, Cnidaria/Ctenophore, Euphausiacea, Mysidacea, Amphipoda,
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Appendicularia, Salpida, Decapoda-shrimp-like, Decapoda-brachyuran-crab, Gastropoda,
Polychaeta, Teleostei larvae, and unidentified eggs. Identification was aided by the use of
reference samples, (Appendix 1) text books (Fenaux, 1993; Todd et al., 1996; Young, 2002),
and electronic databases (IMAS, 2013; Marine Species Identification Portal). The major
constituents of each group were identified down to the lowest possible taxonomic rank.
Individuals per cubic meter were calculated from sub-sample counts using the following
equation:

Individual in full samples = (Individuals in subsample) × (
Individuals per m3 =

Sample volume
)
Subsample volume

Individuals in full sample
Volume filtered in m3

Where: Sample volume is five times the settled bio-volume of the sample
Subsample volume= 4 mL
Volume filtered is calculated in equations from Section 2.2.1

2.2.4 Aerial Surveys for Whale Shark Surface Abundance

The surface abundance of R. typus was compared between day and dusk via an aerial survey
regime. Aerial surveys have proven an effective technique when assessing the abundance of
large marine animals over broad spatial scales (Quang and Becker, 1996; Pollock et al., 2006;
Sleeman et al., 2007; Rowat et al., 2009; Cunningham et al., 2010). A study by Rowat et al.
(2009) in the Seychelles found that individual R. typus could be sighted down to an average
depth of 10 m via aerial survey, depending on turbidity and bottom substrate (Rowat et al.,
2009). The decrease in the observer’s ability to see and locate animals with increasing water
depth means that whilst aerial surveys may not be an accurate representation of total
abundance, they may provide a useful measure of surface abundance (Sims and Quayle,
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1998). Sightings of R. typus were recorded per survey rather than total abundance or
density in the area. This was to standardise the main sources of bias and error associated
with aerial surveys (altitude, speed, observer fatigue, wind chop, cloud cover, glare) as best
as possible (Caughley, 1974). This allows for more accurate comparison between day and
dusk surveys in the present study, but limits comparisons to studies using different regimes.
Aerial surveys were conducted in the morning (09:00–10:30) and at dusk (16:40–18:00) on
the 17th, 18th, 23rd and 24th of May, 2013. Due to the obvious viewing restrictions (light) at
night, it was assumed that dusk would still provide a meaningful comparison to day, with
DVM of zooplankton often commencing around this time (Iwasa, 1982). In order to
standardise viewing conditions across survey days, surveys were conducted on days where
conditions were forecast to be: winds below 25 km.h-1, Beaufort scale <3, no rain, and little
predicted cloud cover. These conditions were considered ideal for viewing (Taylor, 1996;
Cliff et al., 2007; Rowat et al., 2009). To reduce viewing capability bias between surveys,
these same criteria were required in the forecast for morning and dusk on survey days.
Aerial surveys were conducted in a Cessna 172 spotter plane (Figure 8) (Norwest Air Work,
Exmouth) at an altitude of approximately 450 m, and an average speed of approximately 80
km.h-1. This is a similar altitude and speed used for routine surveys conducted by the whale
shark ecotourism industry (L. Nivala, Norwest Airworks Exmouth, pers. comm.). The height
chosen is also comparable with studies by Marsh and Sinclair (1989a, 1989b) suggesting a
ratio of 271:1 (altitude: minimum size of animal) to be most efficient for accurate detection.
The flight path incorporated three straight line transects between Tantabiddi (North)
Passage and Turquoise Bay (Figure 9), encompassing the study site used for the 24 hour
plankton sampling. Transects were spaced 500 m apart and parallel to each other, this being

33

the approximate line of sight based on pilot flights and methods from previous studies
(Taylor, 1996; Sleeman et al., 2007). Rhincodon typus sightings were recorded by two
observers instructed to view out of the landward facing window only, in an attempt to
minimise the bias of afternoon glare (Cliff et al., 2007). Location, time, travel direction and
notable behaviour displayed by R. typus were recorded for each sighting. The duration of
each survey transect was approximately 30 minutes. A further 15 minutes at the completion
of each survey was used to search for feeding aggregations.

Figure 8: Cessna 172 spotter plane used in the aerial surveys (Norwest Air Work, Exmouth).
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Figure 9: Study area at Ningaloo Marine Park including: study site for 24 hour plankton
sampling, approximate aerial survey flight path, and location of Rhincodon typus
feeding encounters where plankton samples were collected.
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2.3 Data Analysis

All analysis of zooplankton, R. typus and environmental data were conducted using PRIMER
v6 multivariate software package (Clarke and Gorley, 2006) with the PERMANOVA+ add on
module (Anderson et al., 2008). It should be noted Permutational Analysis of Variance
(PERMANOVA) rather than Analysis of Variance (ANOVA) was employed for univariate
analysis as the former test does not make assumptions about the distribution of the data
(Anderson, 2001; McArdle and Anderson, 2001). The same transformation, pre-treatment
and analysis routines were used to compare the different factors. These are described
initially, with any amendments reported thereafter.
Four replicate horizontal (surface) and vertical (water column) plankton tows were
conducted at a single study site over 24 hours (02:00, 06:00, 10:00, 14:00, 18:00, 22:00),
totalling 48 samples (see 2.1). Time was the main factor of interest in examining diurnal
changes in zooplankton concentration and composition. Although surface samples were of
greater interest, vertical samples were examined to ascertain whether variation could be
attributed to redistribution in the water column, or net changes to the overall zooplankton
community at the study site.
Four replicate horizontal samples were collected near four R. typus individuals passively
feeding (1F-4F; 16 samples) (Table 2). These feeding samples were compared to horizontal
samples collected from the study site at comparable times. Morning samples 1F–3F were
compared to those taken at the study site at 10:00, and 4F was compared to the study site
at 18:00. This aimed to ascertain if there were any differences in zooplankton concentration
between the control study site and areas where R. typus was observed feeding. Similarly,
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zooplankton community composition was compared to explore its possible influence in
differentiating samples.

2.3.1 Univariate Analysis

Comparing Zooplankton Concentration between Sample Times
Measures of plankton settled volume (mL) and abundance counts (individuals) were divided
by volume filtered to give bio-volume in mL.m-3 and abundance in ind.m-3. Four replicates
were measured for bio-volume and three counted for abundance. Prior to undertaking
PERMANOVA, data for each of the dependent variables (horizontal bio-volume, vertical biovolume, horizontal total abundance, vertical total abundance) were examined to establish
the type of transformation required to meet test assumptions of homogenous dispersion
among groups (Anderson, 2001). This was achieved by determining the extent (slope) of the
linear relationship between the LN (mean) and the LN (standard deviation) of all groups of
replicate samples, and then using the slope criteria provided by Clarke and Warwick (2001)
to select an appropriate transformation. This methodology indicated that horizontal biovolume, vertical bio-volume, horizontal abundance variables required a square-root
transformation, whilst vertical abundance required no transformation.
Bray-Curtis similarity matrices containing all replicate samples were then constructed for
each variable. When conducting PERMANOVA on abundance measures, Monte Carlo tests
were performed to increase the number of permutations available, due to the small
replicate number (Anderson et al., 2008). PERMANOVA was used to test whether each
dependant variable differed significantly among sample times. The null hypothesis of no
significant differences among groups was rejected if the significance level (p) was <0.05. The
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main source of significant difference detected by PERMANOVA was examined by comparing
the means of the dependent variable, with associated 95% confidence intervals. This
removed the need for post hoc analysis. Permutational Multivariate Dispersions among
groups PERMADISP was used to test for heterogeneity of dispersion between groups
(Anderson et al., 2008).
Comparison of Zooplankton Concentration between Samples Collected Near Feeding Whale
Sharks and Those Collected at the Study Site
Bio-volume (mL.m-3) and abundance (ind.m-3) data from feeding samples combined with
horizontal samples from the study site at 10:00 and 18:00 were both fourth-root
transformed. Following significant results from PERMANOVA, pairwise PERMANOVA results
were examined to test the null hypothesis that there was no significant (p <0.05) difference
between samples collected near R. typus when feeding and those at the study site at
comparable times. The main source of significant difference was examined by comparing
means of the dependent variables, with associated 95% confidence intervals.
Comparison of Community Composition between Sample Times
Abundance (ind.m-3) of 15 major taxon groups (Appendix 1) was calculated for three
replicates across the six sample times and two sampling regimes (36 samples). Species level
identification was not considered crucial due to the major focus of the study being on
zooplankton from a nutritional perspective to R. typus. Relative abundance of each taxon
was calculated by dividing abundance of the taxon, by the total zooplankton abundance in
each sample. Taxon were further subdivided based on biochemical composition namely
‘Crustacea’ (Copepoda, Euphausiacea, Mysidacea, Amphipoda, Decapoda-shrimp-like,
Decapoda-brachyuran-crab ); ‘Gelatinous’ (Cnidaria/Ctenophore, Appendicularia, Salpida)
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and ‘Other’ (Chaetognatha, Echinodermata, Gastropoda, Polychaeta, Teleostei larvae,
unidentified eggs) (Harris et al., 2000). The different biochemical groups were assumed to
represent different nutritional and energy sources available to R. typus (Matondka et al.,
1995).
When selecting an appropriate transformation (Clarke and Warwick, 2001) for the relative
abundance of biochemical groups in horizontal samples, the ‘Gelatinous’ group required
square-root transformation, ‘Other’ required fourth-root, and none was required for
‘Crustacea’. For vertical relative abundance, ‘Gelatinous’ and ‘Other’ required square-root
transformation, whilst ‘Crustacea’ required no transformation. The cause of differences
identified in PERMANOVA analysis was ascertained by examining the mean relative
abundance of each biochemical group and taxon between times.
Comparing Zooplankton Community Composition between Feeding Samples and the Study
Site
Abundance and relative abundance of the same 15 taxon used in the previous zooplankton
analysis were calculated for the feeding samples. When analysing the relative abundance of
biochemical groups’ for transformation (Clarke and Warwick, 2001), ‘Crustacea’ required no
transformation whilst ‘Gelatinous’ and ‘Other’ required fourth-root transformation.
Following significant PERMANOVA results, pairwise comparisons were made between
feeding samples and the study site at 10:00 and 18:00 and examined by comparing means.
Comparison of Whale Shark Surface Abundance between Day and Dusk
Sighting data from aerial surveys conducted in the morning and then again at dusk on four
separate days were averaged to compare the mean number of sightings on day surveys
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versus dusk surveys. When comparing these means in PERMANOVA no transformation was
conducted. Means and 95% confidence intervals were presented as bar graphs.

2.3.2 Multivariate Analysis

Comparing Zooplankton Community Assemblages between Sample Times
Taxon abundance (ind.m-3) data were initially subject to dispersion weighting to
downweight the contributions of those taxon that displayed erratic differences in
abundance between replicate samples (Clarke et al., 2006). The resultant data were then
subjected to a square-root transformation to balance the contributions of highly abundant
taxon with those that were less abundant. The pre-treated data were then used to construct
a Bray-Curtis similarity matrix, which was subjected to the same PERMANOVA analyses as
described above, including Monte Carlo Tests.
These were then each subjected to one-way Analysis of Similarities (ANOSIM) tests (Clarke
and Green, 1988) to elucidate, in more detail, the extent to which zooplankton communities
differed between samples. In all ANOSIM tests, the null hypothesis that there were no
significant differences in zooplankton community assemblage was rejected if the
significance level (p) was < 0.05. The extent of any significant difference was determined by
the magnitude of the test statistic (R), which typically ranges between 0 (i.e. no group
differences) to 1 (i.e. the similarities between samples from different time groups are all less
than those between samples belonging to the same group). The same Bray-Curtis similarity
matrix was also subjected to non-metric Multidimensional Scaling (MDS) to illustrate visually
the differences in the zooplankton community composition.
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As the above PERMANOVA analysis detected a significant difference between horizontal and
vertical taxon abundance, two Bray-Curtis similarity matrices were calculated separately to
reduce their confounding influence when further examining the differences between
zooplankton assemblages. When ANOSIM detected a significant difference among sample
times and the associated R-statistic was ≥ 0.2, the associated Similarity Percentages
(SIMPER; Clarke, 1993) were then used to identify which taxon typified the assemblages at
each sample time and those which contributed most to differences between each pair of
sample times. Focus was placed on those typifying and distinguishing taxon that had the
highest similarity/standard deviation ratio and dissimilarity/standard deviation ratio,
respectively, and those that were the most abundant. This means they not only contributed
most to dissimilarity but did so consistently.
Comparing Zooplankton Community Assemblage between Feeding Samples and the Study
Site
Feeding samples were analysed using the same process of pre-treatment described in the
previous section (Clarke et al., 2006), before the formation of Bray-Curtis similarity matrices
including samples from 10:00 and 18:00 at the study site. Where ANOSIM recognised a
significant difference between samples, SIMPER was again employed to distinguish which
taxon was most accountable for the dissimilarity.
Relationships between Zooplankton Community Assemblages and Environmental
Characteristics of Each Sample
Temperature (°C), salinity (ppt) and dissolved oxygen (mg.l-1) were measured from surface
waters only and hence a relationship to zooplankton community assemblage was only
examined for horizontal samples. Log(x+1) transformation was applied to temperature and
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oxygen data, while no transformation was required for salinity. As the environmental
variables were not directly comparable in their units of measurement, the data for each
were normalised to place all variables on a common scale (Clarke and Gorley, 2006). The
RELATE routine was used to test, the extent to which the relative differences between
samples (24 hour and feeding), as defined by their zooplankton composition, were
significantly correlated to the three environmental variables. This routine was thus used to
examine the similarity between the Bray-Curtis similarity matrix constructed from the pretreated zooplankton assemblage data and the complementary Manhattan distance matrices
constructed from the pre-treated environmental data. Manhattan distance matrices were
employed rather than Bray-Curtis or Euclidean as they are less prone to distortion by
outliers, common in environmental measures (Clarke et al., 2006). The null hypothesis that
there was no relationship in the pattern of rank order similarities between the matrices was
rejected if the significance level (p) was < 0.05. The test statistic, rho (ρ), was used to gauge
the extent of any significant differences, with values close to 0 reflecting little correlation in
rank order agreement and those close to 1 reflecting a near perfect match. The Bray-Curtis
similarity matrix for each environmental variable was also subjected to Multidimensional
Scaling (MDS) to visually illustrate the differences in zooplankton composition, with circle
size representing the magnitude of the environmental variable.
The Biota and Environment matching routine (BIOENV; Clarke and Ainsworth, 1993) was
then used to determine whether a greater correlation between the zooplankton community
composition and environmental measures could be obtained using only a subset. The
matrices used in this procedure combined all three environmental measures after log (x+1)
transformation and normalisation. The null hypothesis, and test statistic for these BIOENV
tests were the same as those for the above RELATE tests.
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Based on BOM (2013) tide data at Tantabiddi, sample times were grouped into those
occurring at ebb tides (06:00, 18:00, 22:00) and those occurring at flood tides (02:00, 10:00,
14:00). PERMANOVA was used to test for significant differences in bio-volume, abundance
and assemblage composition. The cause of differences in assemblage composition was
ascertained with the use of SIMPER.
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Chapter 3: Results

3.1 Diurnal Variations in the Zooplankton Community

Comparison of Zooplankton Surface Concentration over a 24 Hour Period
PERMANOVA detected a significant difference (p=0.001; Table 3) in the surface
concentration (bio-volume and abundance) of zooplankton among sample times.
PERMADISP results revealed that the variance among samples did not differ significantly for
bio-volume (p=0.208) or abundance (p=0.177). Night samples had a generally higher
zooplankton concentration than day samples, a pattern which was more evident in biovolume measures than abundance counts (Figure 10, 11). Day sample times 10:00 and 14:00
had significantly lower mean bio-volumes than both night sample times 22:00 and 02:00 as
well as twilight sample time 06:00 (Figure 10). Although a similar pattern was observed for
surface abundance (Figure 11), the significant difference among times was mostly attributed
to the very high abundance in the night sample at 22:00. The 22:00 sample had a mean
abundance of 810.98 ind.m-3 compared to the average across all times which was 378.51
ind.m-3.
Table 3: Degrees of freedom (df), mean squares (MS), pseudo F-ratios, and significance
levels (p) from PERMANOVA tests comparing dependent variables (bio-volume and
abundance) between six sample times (02:00, 06:00, 10:00, 14:00, 18:00, 22:00) in
horizontal and vertical plankton samples.

Bio-volume
Abundance

Horizontal
df
MS
5
561.21
5
504.44

Pseudo-F
11.808
13.126

p
0.001
0.001
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Vertical
df
MS
Pseudo-F
5
301.17 7.125
5
804.16 3.4802

p
0.002
0.012

Horizontal Plankton Tows

Figure 10: Mean plankton bio-volume (mL.m-3) measured from horizontal plankton tows
conducted at six separate times (02:00, 06:00, 10:00, 14:00, 18:00, 22:00) over 24
hours. Error bars represent 95% confidence intervals.

Figure 11: Mean zooplankton abundance (ind.m-3) measured from horizontal plankton tows
conducted at six separate times (02:00, 06:00, 10:00, 14:00, 18:00, 22:00) over 24
hours. Error bars represent 95% confidence intervals.
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Comparison of Zooplankton Concentration within the Vertical Water Column over 24 Hours
Vertical plankton samples had a greater zooplankton bio-volume at night (02:00, 22:00)
compared to the day (10:00, 14:00) (Table 3; Figure 12, 13). PERMADISP results revealed
that the variance between samples did not differ significantly for bio-volume (p=0.806) or
abundance (p=0.117). The large degree of overlap in confidence intervals indicates that the
difference observed in vertical samples among times is less robust than diurnal differences
established in horizontal samples (Figure 12, 13).
Zooplankton Community Composition at the Study Site
Mean total zooplankton abundance at the 24 hour study site was 316.10 ind.m-3 throughout
the water column and 378.33 ind.m-3 in surface waters. The greatest mean zooplankton
abundance was recorded for horizontal sample 22:00 (810.98 ind.m-3) and the lowest was
horizontal sample 10:00 (189.95 ind.m-3). Copepoda were the most abundant taxon across
all samples averaging 101.53 ind.m-3. This was followed by Appendicularia with 56.46 ind.m3

; Decapoda-shrimp-like with 53.40 ind.m-3, and Decapoda-brachyuran-crab with 34.66

ind.m-3. Rare taxa included Echinodermata; present in 11 of the 36 samples, with a mean of
0.33 ind.m-3; Amphipoda, present in 18 samples, with a mean of 1.28 ind.m-3; Polychaeta,
present in 28 samples, with a mean of 2.21 ind.m-3; and Teleostei larvae, present in 29
samples, with a mean of 3.11 ind.m-3. The relative abundances (% of total sample) of each
taxon at the different sample times are presented in Table 4 and 5.
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Vertical Plankton Tows

Figure 12: Mean plankton bio-volumes (mL.m-3) measured from vertical plankton tows
conducted at six separate times (02:00, 06:00, 10:00, 14:00, 18:00, 22:00) over 24
hours. Error bars represent 95% confidence intervals.

Figure 13: Mean zooplankton abundance (ind.m-3) measured from vertical plankton tows
conducted at six separate times (02:00, 06:00, 10:00, 14:00, 18:00, 22:00) over 24
hours. Error bars represent 95% confidence intervals.
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Table 4: Mean abundance (ind.m ) (± standard error (SE)) and relative abundance (A%) of taxon collected from horizontal samples collected at six times over 24 hours. Dominant taxon (>5%
relative abundance) highlighted in grey. Taxon ranked in order of mean total abundance from highest to lowest.
Time

2:00

6:00

Taxon

Ind.m ±(SE)

A(%)

Ind.m ±(SE)

A(%)

Ind.m ±(SE)

A(%)

Ind.m ±(SE)

A(%)

Ind.m ±(SE)

A(%)

Ind.m ±SE

A(%)

Copepoda

132.120±(0.607)

33.61

99.149±(10.402)

26.04

34.377±(8.101)

18.1

124.027±(10.521)

45.16

43.381±(6.499)

19.67

77.769±(11.349)

9.59

Decapodashrimp-like
Appendicularia

84.229±(11.913)

21.43

18.738±(2.973)

4.92

20.989±(6.544)

11.05

9.632±(2.730)

3.51

4.774±(1.046)

2.17

271.586±(10.580)

33.49

27.551±(2.969)

7.01

15.442±(7.181)

4.06

66.633±(16.861)

35.08

121.708±(21.850)

44.32

97.961±(11.114)

44.43

29.190±(3.332)

3.6

Egg

27.556±(5.168)

7.01

115.394±(33.351)

30.3

11.399±(3.787)

6.00

1.659±(0.263)

0.6

10.851±(1.121)

4.92

163.496±(21.482)

20.16

Decapodabrachyuran-crab
Salpida

17.686±(2.365)

4.5

56.921±(10.223)

14.95

37.061±(8.999)

19.51

2.368±(0.638)

0.86

11.805±(2.981)

5.35

174.251±(37.653)

21.49

3.648±(1.146)

0.93

21.021±(5.325)

5.52

1.095±(1.095)

0.58

0.182±(0.182)

0.07

23.943±(8.511)

10.86

36.050±(5.081)

4.45

Chaetognatha

38.518±(1.040)

9.8

14.065±(2.346)

3.69

7.294±(3.552)

3.84

5.181±(0.958)

1.89

0.647±(0.647)

0.29

13.760±(2.497)

1.7

Cnidaria/Ctenop
hore
Gastropoda

20.252±(1.446)

5.15

19.824±(7.763)

5.21

6.480±(1.576)

3.41

3.117±(0.929)

1.13

15.138±(1.679)

6.87

10.384±(2.534)

1.28

2.478±(1.333)

0.63

13.135±(3.289)

3.45

1.447±(0.319)

0.76

1.173±(0.302)

0.43

7.751±(2.616)

3.52

2.286±(1.697)

0.28

Euphausiacea

18.710±(2.136)

4.76

0.793±(0.793)

0.21

0

0

0.182±(0.182)

0.07

0

0

7.692±(0.445)

0.95

Teleostei Larvae

8.083±(1.312)

2.06

4.736±(1.258)

1.24

2.690±(0.911)

1.42

3.460±(1.817)

1.26

1.168±(0.552)

0.53

5.424±(0.861)

0.67

Mysidacea

7.616±(3.796)

1.94

0.850±(0.807)

0.22

0.208±(0.208)

0.11

0.448±(0.385)

0.16

0

0

10.370±(2.225)

1.28

Amphipoda

2.284±(2.284)

0.58

0.397±(0.397)

0.1

0.092±(0.092)

0.05

0.142±(0.142)

0.05

0.324±(0.324)

0.15

6.697±(2.286)

0.83

Polychaeta

2.014±(0.171)

0.51

0.320±(0.320)

0.08

0.183±(0.183)

0.1

1.336±(0.676)

0.49

2.210±(1.008)

1

1.454±(0.132)

0.18

Echinodermata

0.381±(0.381)

0.1

0

0

0

0

0

0

0.544±(0.286)

0.25

0.568±(0.568)

0.07

Total

393.127±(18.327)

-3

10:00
-3

380.785±(32.471)

14:00
-3

189.947±47.618)
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18:00
-3

274.616±(34.660)

22:00
-3

220.497±(20.072)

-3

810.979±(68.396)

-3

Table 5: Mean abundance (ind.m ) (± standard error (SE)) and relative abundance (A%) of taxon from vertical plankton samples collected at six times over 24 hours. Dominant taxon (>5% relative
abundance) highlighted in grey. Taxon ranked in order of mean total abundance from highest to lowest.

Time

2:00

6:00

Taxon

Ind.m ±(SE)

A (%)

Ind.m ±(SE)

A (%)

Ind.m ±(SE)

A (%)

Ind.m ±(SE)

A(%)

Ind.m ±(SE)

A(%)

Ind.m ±(SE)

A(%)

Copepoda

100.832±(30.089)

34.15

166.643±(8.656)

46.5

140.062±(8.588)

45.06

99.754±(19.965)

46.69

21.792±(3.825)

11.25

178.526±(35.730)

34.02

Appendicularia

28.054±(8.370)

9.5

36.413±(1.497)

10.16

37.846±(3.835)

12.18

51.093±(7.202)

23.91

115.812±(21.171)

59.77

49.870±(9.927)

9.5

Decapodashrimp-like
Chaetognatha

63.484±(22.009)

21.5

19.936±(6.209)

5.56

32.937±(6.572)

10.6

17.815±(1.330)

8.34

13.823±(3.261)

7.13

82.870±(20.068)

15.79

17.774±(7.059)

6.02

32.521±(3.020)

9.07

43.818±(5.209)

14.1

10.462±(0.474)

4.9

1.318±(0.669)

0.68

22.026±(2.866)

4.2

Decapodabrachyuran-crab
Cnidaria/Ctenop
hore
Egg

11.789±(4.831)

3.99

12.772±(5.857)

3.56

7.056±(1.462)

2.27

8.868±(0.918)

4.15

12.934±(2.670)

6.68

62.441±(22.538)

11.9

9.070±(3.984)

3.07

37.709±(5.181)

10.52

14.134±(0.620)

4.55

6.688±(0.683)

3.13

5.561±(0.813)

2.87

23.445±(8.942)

4.47

22.439±(6.933)

7.6

15.777±(3.937)

4.4

2.105±(1.285)

0.68

0.803±(0.803)

0.38

12.958±(2.993)

6.69

30.914±(6.156)

5.89

Salpida

9.560±(1.991)

3.24

5.092±(2.892)

1.42

6.306±(3.544)

2.03

0.166±(0.166)

0.08

4.831±(0.435)

2.49

38.093±(12.208)

7.26

Gastropoda

3.164±(0.066)

1.07

20.828±(2.266)

5.81

12.614±(3.115)

4.06

2.233±(0.510)

1.04

1.591±(0.633)

0.82

3.425±(2.087)

0.65

Euphausiacea

14.193±(3.136)

4.81

4.727±(1.530)

1.32

5.645±(2.395)

1.82

8.847±(3.342)

4.14

0.656±(0.415)

0.34

8.040±(2.692)

1.53

Mysidacea

6.632±(2.069)

2.25

2.516±(1.283)

0.7

3.847±(0.815)

1.24

1.097±(0.455)

0.51

0.498±(0.275)

0.26

10.516±(1.050)

2

Polychaeta

1.881±(0.968)

0.64

2.705±(0.546)

0.75

1.714±(0.416)

0.55

5.177±(1.132)

2.42

0.454±(0.257)

0.23

6.986±(3.529)

1.33

Teleostei Larvae

4.379±(1.904)

1.48

0.351±(0.351)

0.1

0.739±(0.739)

0.24

0.221±(0.211)

0.1

1.205±(0.780)

0.62

4.893±(1.181)

0.93

Amphipoda

2.025±(1.461)

0.69

0

0

1.299±(0.279)

0.42

0.267±(0.267)

0.13

0.340±(0.171)

0.18

1.436±(0.802)

0.27

Echinodermata

0

0

0.371±(0.371)

0.1

0.678±(0.343)

0.22

0.166±(0.166)

0.08

0

0

1.263±0.696

0.24

Total

295.275±(86.502)

-3

10:00
-3

358.361±(5.595)

14:00
-3

310.801±(21.562)
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18:00
-3

213.658±(28.612)

22:00
-3

193.772±(29.287)

-3

524.744±(117.009)

Differences in the Relative Abundance of Biochemical Groups with Time
PERMANOVA comparing the relative abundance of all biochemical groups (‘Crustacea’,
‘Gelatinous’, ‘Other’) in horizontal samples exhibited a significant (p=0.001) difference with
time (Table 6). PERMADISP analysis revealed that this variation was not due to a significant
difference in variance between samples (p>0.25.). The relative abundance of ‘Crustacea’
was higher in night samples (02:00, 22:00) compared to day (10:00, 14:00), and twilight
(06:00, 18:00) (Figure 14). Conversely, day (10:00, 14:00) samples and the 18:00 sample had
a higher relative abundance of ‘Gelatinous’ zooplankton. In vertical samples, PERMANOVA
also found a significant difference in the relative abundance of each group (p=0.001-0.004)
(Table 6). The sample collected at 18:00 appears to contribute significantly to this
difference, with a much higher proportion of ‘Gelatinous’ zooplankton compared to the
other sample times (Figure 15).
Table 6: Degrees of freedom (df), mean squares (MS), Pseudo F-ratios, and significance
levels (p) from PERMANOVA tests comparing relative abundance of biochemical
groups between samples times for horizontal and vertical samples.
Horizontal
Crustacea
Gelatinous
Other

df
5
5
5

MS
583.17
1061.3
276.61

Pseudo-F
31.498
17.328
29.289

p
0.001
0.001
0.001
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Vertical
df
MS
5
869.56
5
448.25
5
180.4

Pseudo-F
53.58
33.953
7.7666

p
0.001
0.001
0.004

Horizontal Plankton Tow

Figure 14: Mean relative abundance (%) of biochemical groups (Crustacea, Gelatinous,
Other) over six sample times (02:00, 06:00, 10:00, 14:00, 18:00, 22:00) for horizontal
plankton samples. Error bars represent 95% confidence intervals.
Vertical Plankton Tow

Figure 15: Mean relative abundance (%) of biochemical groups (Crustacea, Gelatinous,
Other) over six sample times (02:00, 06:00, 10:00, 14:00, 18:00, 22:00) for vertical
plankton samples. Error bars represent 95% confidence intervals.
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Differences in Zooplankton Community Composition with Time
PERMANOVA identified that the taxonomic composition of zooplankton assemblages
differed significantly among sample times (p=0.001) and between sample type (horizontal
and vertical) (p=0.038) (Table 7). PERMADISP revealed that there were no significant
differences in the variance among samples (p=0.105). The community compositions of the
vertical samples compared to the horizontal samples of the same time period were
significantly different for all sample times except 02:00 (Table 8; Figure 16). The difference
between sample times appears to account for greater dissimilarity than sample type
(Horizontal or Vertical) when examining the MDS plot (Figure 16). Very high R values (Table
8) indicate the similarity between replicates is much greater than between samples of
different time or sample type. This is represented in the MDS plot with clear grouping of
replicate samples (Figure 16). The difference between horizontal and vertical samples led to
further SIMPER analysis being conducted separately to remove the confounding influence of
this factor.
Table 7: Degrees of freedom (df), mean squares (MS), Pseudo F, significance (p) from
PERMANOVA tests comparing zooplankton assemblages collected at six sample
times (Time) with horizontal and vertical samples collected from the water column
(Sample type).
df

MS

Pseudo-F

p

Time (all samples)

5

2407.4

6.9937

0.001

Sample type

1

1674.7

2.7521

0.038

Time (horizontal)

5

1923.6

14.1730

0.001

Time (vertical)

5

1302.0

7.7108

0.001
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Table 8: R-statistic values derived from one-way ANOSIM tests comparing surface
zooplankton assemblages from horizontal (H) and vertical (V) from six different
sample times (02:00, 06:00, 10:00, 14:00, 18:00, 22:00). Insignificant (p>0.05)
differences in assemblage shaded grey.
p=0.001 Global R=0.905

2V
6H
6V
10H
10V
14H
14V
18H
18V
22H
22V

2H
0.111
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.630

2V

6H

6V

10H

10V

14H

0.852
0.741
0.963
0.630
1.000
0.778
1.000
0.963
0.741
0.111

1.000
0.926
1.000
1.000
1.000
1.000
1.000
1.000
1.000

1.000
0.444
1.000
1.000
1.000
1.000
1.000
1.000

1.000
0.778
0.963
1.000
0.407
1.000
1.000

1.000
1.000
1.000
1.000
1.000
0.963

0.889
1.000
0.926
1.000
1.000

14V

18H

18V

22H

1.000
1.000 0.889
1.000 1.000 1.000
1.000 1.000 1.000 0.963

Figure 16: MDS diagram comparing zooplankton community resemblance based on the
Bray-Curtis similarity matrix after dispersion weighting and square-root
transformation. Compares six sample times (2:00, 6:00, 10:00, 14:00, 18:00, 22:00),
two sample types (V=vertical, H=Horizontal) with three replicates for each (1, 2, 3)
with a total of 36 samples.
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Differences in the Surface Zooplankton Community Composition with Time
PERMANOVA identified that the community composition of zooplankton in surface water
differed significantly with time (p=0.001) (Table 9). The taxon found to be most significant in
typifying sample times and distinguishing between them, based on SIMPER analysis are
presented in Table 10. The high abundance of Decapoda-shrimp-like taxon in night samples
was important in differentiating them from day samples (Tables 4, 5, 10). Euphausiacea and
Mysidacea only made a low contribution to overall zooplankton abundance; however, their
increased abundance at night was also important in typifying night communities.
Appendicularia displayed the reverse trend, dominating day sample times and the 18:00
sample. Other taxon that were important in differentiating samples, but did not exhibit an
obvious diurnal trend, included eggs, Copepoda, Salpida, Chaetognatha, and Decapodabrachyuran-crab. Taxon which did not exert much influence in differentiating communities
included Cnidaria/Ctenophore, Gastropoda, Polychaeta, Teleostei larvae, and
Echinodermata although the latter three were only found in low abundances across all
samples (Table 4).
Table 9: R-statistic and significance level (p) values derived from one-way ANOSIM tests
comparing surface (horizontal) zooplankton assemblages from different sample
times.
p=0.01 Global R=0.988
02:00
06:00
1
10:00
1
14:00
1
18:00
1
22:00
1

06:00

10:00

14:00

18:00

0.926
1
1
1

0.926
0.963
1

1
1

1
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Table 10: Taxon that consistently typified (provided along the diagonal) and distinguished
(provided in the sub-diagonal) the different surface zooplankton communities over
six sample times as detected by one way SIMPER. Asterisks denote the relative
consistency of each taxon in either typifying or distinguishing the zooplankton
composition between sample times, as measured by the similarity to standard
deviation ratio and dissimilarity to standard deviation ratio, respectively; 1.5-3*,
3-5**, > 5***.

02:00

06:00

02:00
Copepoda***
Chaetognatha**
*
Decapodashrimp-like***
Euphausiacea***
Euphausiacea**
Decapodashrimp-like**
Chaetognatha**
*
Euphausiacea***

06:00

18:00

22:00

14:00

Copepoda***
Appendicularia**
*
Decapodashrimp-like**
Decapodabrachyuran-crab
***
Chaetognatha**
*
Copepoda**
Decapodabrachyuran-crab
**
Appendicularia*

Copepoda***
Appendicularia
***
Chaetognatha**
*

18:00

22:00

Copepoda***
Chaetognatha**
*
Egg***
Egg*
Copepoda*
Salpida*
Gastropoda*

10:00

14:00

10:00

Euphausiacea***
Chaetognatha**
*
Decapodashrimp-like***

Egg**
Appendicularia**
Salpida**
Decapodabrachyuran-crab
***

Chaetognatha**
*
Euphausiacea***
Decapodashrimp-like***

Chaetognatha**
Egg**
Appendicularia**

Salpida*
Chaetognatha*
Decapoda shrimp
like*

Copepoda**
Salpida **
Chaetognatha**

Decapodashrimp-like***
Decapodabrachyuran-crab
**
Egg**
Chaetognatha**

Decapoda shrimp
like***

Decapoda shrimp
like***
Egg**

Decapoda shrimp
like***
Decapodabrachyuran-crab
***
Egg***
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Appendicularia**
*
Copepoda***
Cnidaria/Ctenop
hore***
Salpida **
Decapoda shrimp
like***
Decapodabrachyuran-crab
***
Egg***

Decapodashrimp-like***
Decapodbrachyuran
crab***
Copepoda***
Egg***

Differences in the Zooplankton Community Composition within the Water Column with Time
PERMANOVA identified that zooplankton assemblages throughout the water column also
differed significantly with time (p=0.001) (Table 11). Pairwise SIMPER comparisons were
used to identify the taxon responsible for typifying or distinguishing between samples (Table
12). The higher abundance of Appendicularia during the day and at 18:00 was important in
differentiating day and night samples, as was the increased abundance of Mysidacea at
night. Egg was a dominating taxon at 02:00, 18:00 and 22:00 (Table 4, 12).
Table 11: R-statistic and significance level (p) values derived from one-way ANOSIM tests
comparing zooplankton assemblages throughout water column (vertical) from
different sample times. Insignificant (p>0.1) differences in assemblage shaded grey.
p=0.001 Global R=0.857
02:00
06:00
0.741
10:00
0.630
14:00
0.852
18:00
1
22:00
0.074

06:00

10:00

14:00

18:00

0.593
1
1
1

1
1
1

1
1

1
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22:00

Table 12: Taxon that consistently typified (provided along the diagonal) and distinguished
(provided in the sub-diagonal) the different zooplankton communities in the water
column over six sample times as detected by one way SIMPER. Insignificant pairwise
comparisons are highlighted in grey. Asterisks denote the relative consistency of
each taxon in either typifying or distinguishing the zooplankton composition
between sample times, as measured by the similarity to standard deviation ratio and
dissimilarity to standard deviation ratio, respectively; 1.5-3*, 3-5**, > 5***.
02:00

06:00

10:00

02:00
Copepoda***
Gastropoda***
Cnidaria/Ctenopho
re*

22:00

10:00

14:00

18:00

22:00

Gastropoda***
Copepoda***
Chaetognatha***
Cnidaria/Ctenopho
re***
Appendicularia***

Egg*
Chaetognatha*
Gastropoda*
Teleostei Larvae*

Egg*
Cnidaria/Ctenopho
re**
Amphipoda***

Chaetognatha***
Copepoda***
Gastropoda***
Appendicularia***

Egg**
Teleostei larvae*

Gastropoda***
Cnidaria/ctenophor
e**
Egg**
Chaetognatha***

Chaetognatha***
Gastropoda*

Appendicularia***
Copepoda***
Chaetognatha***
Polychaeta***

Appendicularia*
Euphausiacea***
Chaetognatha*
Mysidacea*

Gastropoda***
Chaetognatha***
Copepoda***
Cnidaria/Ctenopho
re**
Appendicularia**
Gastropoda*
Salpida*
Mysidacea*

Chaetognatha***
Gastropoda*
Copepoda***
Appendicularia**

Polychaeta*
Egg*
Appendicularia*
Copepoda*
Chaetognatha*
Euphausiacea*
Salpida**
Egg***
Mysidacea**

14:00

18:00

06:00

Egg**
Gastropoda*

Appendicularia***
Egg***

Mysidacea**
Copepoda***
Chaetognatha**

Copepoda***
Mysidacea***

3.2 Analysis of Zooplankton Samples Collected Near Passively Feeding Whale Sharks
Comparison of Zooplankton Concentration
PERMANOVA results indicated that the bio-volume measured from samples collected near
R. typus individuals passively feeding in the morning (1F–3F) did not differ significantly from
those collected from the study site at 10:00, and the sample 4F collected at 17:45 did not
differ significantly from the study site at 18:00 (Table 13a). Feeding samples 2F and 3F had a
significantly lower bio-volume than 1F and 4F (Table 13a; Figure 17).
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Abundance data indicated that feeding samples 2F and 3F had significantly lower mean total
abundance than all other samples (Table 13b). Feeding sample 1F did not differ significantly
from the sample site at 10:00 and feeding sample 4F did not differ from the study site at
18:00. However, large confidence intervals reduce the significance of such findings (Figure
18).
Table 13: Significance (p) results from a pairwise PERMANOVA comparing a) bio-volume and
b) abundance data from feeding samples (1F-4F) and the study site at time 10:00
(10H)and 18:00 (18H). Significant differences (p<0.05) shaded in grey. Degrees of
freedom (df), Mean squares (MS), Pseudo-F and significance value (p) displayed
above each table.
a) Bio-volume: df=5, MS=204.19, Pseudo-F=15.909, p=0.001
1F
2F
3F
4F
2F
0.001
3F
0.002
0.081
4F
0.095
0.005
0.002
10H
0.071
0.423
0.08
18H
0.686
b) Abundance: df=5, MS=483.82, Pseudo-F=47.768, p=0.001
1F
2F
3F
4F
2F
0.001
3F
0.002
0.007
4F
0.275
0.005
0.002
10H
0.808
0.006
0.003
18H
0.138

58

10H

10H

18H

18H

Figure 17: Mean bio-volume (mL.m-3) derived from feeding samples (1F–4F) compared to
the study site at 10:00 (10H) and 18:00 (18H). Error bars represent 95% confidence
intervals.

Figure 18: Mean zooplankton abundance (ind.m-3) derived from feeding samples (1F–4F)
compared to the study site at 10:00 (10H) and 18:00 (18H). Error bars represent 95%
confidence intervals.
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Zooplankton Community Composition in Feeding Samples
Mean total zooplankton abundance from feeding samples was 141.20 ind.m-3 compared to
the mean abundance at the study site which was 378.33 ind.m-3. Lowest abundance was at
3F with a mean of 16.174 ind.m-3 (Table 14). In contrast to the study site,
Cnidaria/Ctenophore was the overall most abundant taxon averaging 39.95 ind.m-3. This
was followed by Copepoda (32.26 ind.m-3), egg (10.88 ind.m-3), Gastropoda (9.26 ind.m-3),
and Chaetognatha (9.20 ind.m-3). Whilst Appendicularia and Decapoda-shrimp-like were the
dominating taxa in samples collected from the study site (56.46 ind.m-3; 53.40 ind.m-3), they
were only found in low abundance in feeding samples (0.65 ind.m-3; 0.70 ind.m-3). Other
rare taxa included Polychaeta found in 2 out of 12 samples (0.03 ind.m-3), Euphausiacea
found in 2 out of 12 (0.26 ind.m-3), Amphipoda found in 5 out of 12 (0.40 ind.m-3), and
Mysidacea found in 6 out of 12 (0.48 ind.m-3).
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Table 14: Mean abundance (ind.m-3) (± standard error (SE)) and relative abundance (A%) of taxon in horizontal zooplankton samples collected near four feeding
whale sharks. Dominant taxon (>5% relative abundance) highlighted in grey. Taxon ranked in order of mean total abundance from highest to lowest.
Time

1F

2F

Taxon

Ind.m ±(SE)

A(%)

Ind.m ±(SE)

A(%)

Inv.m ±(SE)

A(%)

Inv.m ±(SE)

A(%)

Cnidaria/Ctenop
hore
Copepoda

48.826±(9.255)

24.00

19.402±(3.038)

43.92

4.436±(0.286)

16.55

87.151±(18.302)

53.70

78.691±(6.281)

38.67

7.115±(0.588)

16.11

3.750±(0.555)

13.99

39.488±(11.658)

24.33

Egg

14.864±(1.774)

7.31

4.747±(0.018)

10.75

10.624±(2.101)

39.65

13.286±(3.651)

8.19

Gastropoda

28.725±(6.107)

14.12

4.402±(0.627)

9.96

1.165±(0.157)

9.96

2.736±(1.368)

1.69

Chaetognatha

24.611±(3.756)

12.10

0.912±(0.368)

2.06

1.031±(0.160)

3.85

10.258±(1.496)

6.32

Decapodabrachyuran-crab
Salpida

2.702±(0.996)

1.33

2.486±(0.504)

5.63

4.974±(1.953)

18.56

0.364±(0.331)

0.22

0.223±(0.223)

0.11

1.903±(0.449)

4.31

0

0

2.736±(1.368)

1.69

Echinodermata

2.276±(1.141)

1.12

1.680±(0.246)

3.80

0

0

0.456±(0.456)

0.28

Decapodashrimp-like
Appendicularia

1.290±(0.220)

0.63

0.423±(0.070)

0.96

0.289±(0.155)

1.08

0.798±(0.411)

0.49

1.261±(0.375)

0.62

0.528±(0.264)

1.20

0.449±(0.082)

1.68

0.342±(0.342)

0.21

Mysidacea

0

0

0.049±(0.025)

0.11

0.0223±(0.023)

0.08

1.832±(0.781)

1.13

Amphipoda

0

0

0.199±(0.100)

0.45

0

0

1.399±(0.225)

0.86

Euphausiacea

0

0

0

0

0

0

1.058±(0.544)

0.65

Teleostei larvae

0

0

0.328±(0.074)

0.74

0

0

0.351±(0.276)

0.22

Polychaeta

0

0

0

0

0.056±(0.056)

0.21

0.046±(0.046)

0.03

Total

188.606±(17.662)

-3

3F
-3

39.425±(2.938)

4F
-3

16.174±(2.501)
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-3

149.014±(26.493)

Differences in the Relative Abundance of Biochemical Groups between Feeding Samples and
the Study Site
Sample 4F did not differ significantly from the study site at 18:00 in the relative abundance
of ‘Crustacea’ (p=0.672) or ‘Gelatinous’ (p=0.231) biochemical groups, although it did have a
marginally significant (p=0.036) higher abundance of ‘Other’ group (Table 15). The three
morning feeding samples (1F–3F) did differ significantly to the study site at 10:00 in the
relative composition of biochemical groups (Table 15). However, significant differences
were also noted between feeding samples. Feeding sample 3F had a notably high relative
abundance of egg taxon (39.65%) whilst 2F and 4F were dominated by Cnidaria/Ctenophore
(43.92%, 53.7%). 1F was dominated by ‘Crustacea’, mainly Copepoda (38.67%) (Figure 19).
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Table 15: Pairwise PERMANOVA tests comparing the relative abundance of a) Crustacea, b)
Gelatinous, and c) Other biochemical groups within zooplankton samples from
feeding samples (1F-4F) and the study site at 10:00 and 18:00. Pairwise significance
displayed in table. Significant differences (p<0.05) highlighted in grey. Degrees of
freedom (df), Mean Square (MS), Pseudo F, and significance (p) displayed above each
table.
a) Crustacea: df=5, MS= 493.51 Pseudo F=5.6127, p=0.01
1F
2F
3F
4F
2F
0.031
3F
0.065
0.648
4F
0.005
0.453
0.255
10H
0.282
0.04
0.086
18H
0.672
b) Gelatinous: df=5, MS=106.93, Pseudo F=22.835, p=0.001
1F
2F
3F
4F
2F
0.007
3F
0.25
0.006
4F
0.011
0.395
0.006
10H
0.029
0.132
0.008
18H
0.231
c) Other: df= 5, MS=172.94, Pseudo F=17.515, p=0.001
1F
2F
3F
4F
2F
0.222
3F
0.005
0.002
4F
0.349
0.624
0.017
10H
0.05
0.067
0.006
18H
0.036
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10H

18H

10H

18H

10H

18H

Figure 19: Relative abundance of ‘Crustacea’, ‘Gelatinous’ and ‘Other’ groups from feeding
samples (1F-4F) and the study site at 10:00 (10H) and 18:00 (18H). Error bars
representing 95% confidence intervals.

Differences in Zooplankton Community Assemblage between Feeding Samples and the Study
Site
PERMANOVA identified that the zooplankton taxonomic assemblage differed significantly
between samples from feeding sites and the study site at comparable times (df=5,
MS=2761, Pseudo-F= 17.785, p=0.001). The MDS diagram displays the clear dissimilarity
between feeding samples and the study site, as well as the dissimilarity between feeding
samples (Figure 20). The very high R values derived from ANOSIM reflect a close
resemblance between replicates as observed in the MDS diagram (Table 16; Figure 20).
Pairwise SIMPER analysis presented in Table 17 denotes the taxon responsible for
differentiating between feeding samples and the study site.
The high abundance of Appendicularia, Decapoda-shrimp-like and Decapoda-brachyurancrab at the study site at 10:00 differentiated it from all feeding samples (Table 4, 17). 4F was
distinguished from the study site at 18:00 by a much higher relative abundance of
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Cnidaria/Ctenophore and Polychaeta and lower abundance of Appendicularia. Variation in
the abundance of Chaetognatha, Copepoda, eggs, Gastropoda and Cnidaria/Ctenophore
was also important in differentiating between feeding samples (Table 17).
Table 16: R-statistic and/or significance level (p) values derived from one-way ANOSIM tests
comparing surface (horizontal) zooplankton assemblages from different sample
time. Samples not being compared coloured in grey.
p=0.01 Global R=0.991
2F
3F
4F
10H
18H

1F
1.000
1.000
0.926
1.000

2F

3F

4F

1.000
1.000
1.000

1.000
1.000

1.000

Figure 20: MDS diagram comparing zooplankton community resemblance based on the
Bray-Curtis similarity matrix after dispersion weighting and square root
transformation comparing zooplankton assemblage of all horizontal samples
collected. Code; F=feeding zooplankton samples, H=horizontal zooplankton samples
from the study site; first number indicates sample time (06:00, 10:00, 14:00, 18:00,
22:00, 02:00) or feeding encounter number (1-4); second number is the replicate
number (1-3).
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Table 17: Taxon that consistently typified (provided along the diagonal) and distinguished
(provided in the sub-diagonal) the different zooplankton communities from feeding
(1F-4F) and study site samples (10H, 18H) detected by one way SIMPER. Irrelevant
pairwise comparisons highlighted in grey. Asterisks denote the relative consistency
of each taxon in either typifying or distinguishing the zooplankton communities, as
measured by the similarity to standard deviation ratio and dissimilarity to standard
deviation ratio, respectively; 1.5-3*, 3-5**, > 5***.

1F

2F

1F
Gastropoda***
Copepoda***
Chaetognatha***
Egg***
Cnidaria/Ctenoph
ore***
Chaetognatha***
Copepoda***
Gastropoda**
Gastropoda**
Chaetognatha***
Copepoda***

3F

18H

Cnidaria/Ctenoph
ore***
Egg***
Gastropoda***
Copepoda***
Echinodermata**
*
Cnidaria/Ctenoph
ore**
Egg*
Gastropoda**

3F

4F

10H

18H

Egg***
Decapodabrachyuran-crab
**
Cnidaria/Ctenoph
ore***
Gastropoda***
Copepoda***

Gastropoda*
Chaetognatha*

Cnidaria/Ctenoph
ore**
Chaetognatha**
Copepoda*

Cnidaria/Ctenoph
ore***
Copepoda*
Chaetognatha***

Gastropoda**
Appendicularia**
*
Decapodashrimp-like**
Decapodabrachyuran-crab
**

Appendicularia**
*
Decapodashrimp-like**
Decapodabrachyuran-crab
***

Appendicularia**
*
Decapodashrimp-like***
Decapodabrachyuran-crab
**
Copepoda***

4F

10H

2F

Cnidaria/Ctenoph
ore***
Egg***
Chaetognatha***
Copepoda***
Appendicularia**
*
Decapodashrimp-like***
Decapodabrachyuran-crab
***
Copepoda***
Egg***
Appendicularia**
*
Cnidaria/Ctenoph
ore**
Chaetognatha**

Appendicularia**
*
Copepoda***
Egg***

3.3 Relationship between Zooplankton Communities and Environmental Characteristics
RELATE results demonstrated that the surface zooplankton community was related to the

changing environmental characteristics (temperature, dissolved oxygen, salinity) between
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samples (p=0.001, ρ=0.349). BIOENV results found that the greatest correlation could be
explained by temperature alone, followed by temperature combined with dissolved oxygen
(Table 21). Salinity was not significantly correlated with zooplankton composition (ρ<0.2).
Analysis of MDS plots, indicate the dissimilarity between the study site and feeding samples
may be correlated to the lower temperatures and to a lesser extent, lower dissolved oxygen
(Figure 3.10)
Table 18: Correlation (Corr) between a combination of environmental factors (Temperature
°C=Temp; Dissolved Oxygen mg.L-1= DO; Salinity ppt) and zooplankton community
assemblage from BIOENV analysis.
Environmental measures
Temp
Temp X DO
Temp X Salinity X DO
Temp X Salinity
DO
Salinity X DO
Salinity

Corr
0.376
0.375
0.349
0.323
0.290
0.272
0.138
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Figure 21: MDS ordination plots of the surface zooplankton community composition
recorded at each sample time. The magnitude of the environmental variables
of a) temperature, b) salinity, and c) dissolved oxygen is represented as
circles of proportionate size.
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The zooplankton concentration (bio-volume and abundance) of horizontal samples taken
during ebb tides was significantly greater than those taken during flood tides (Table 19;
Figure 22). The main taxon identified by SIMPER to be contributing to this increase was
Salpida, with a standard deviation to dissimilarity ratio of 2.33.
Table 19: Degrees of freedom (df), mean squares (MS), pseudo F-ratios, and significance
levels (p) from PERMANOVA tests comparing the bio-volume (mL.m-3), abundance
(ind.m-3) and taxonomic composition between samples collected at ebb and flood
tides, with results from horizontal and vertical samples.

Bio-volume
Abundance
Taxon
composition

Horizontal
df MS
1
1405.8
1
2004.4
1
1923.6

Pseudo-F
13.715
3.4701
14.173

p
0.003
0.031
0.001

Vertical
df
1
1
1

MS
212.49
131.45
885.53

Pseudo-F
2.276
1.192
1.852

p
0.152
0.307
0.131

Figure 22: Comparison of mean plankton bio-volume (mL.m-3) between samples collected at
ebb or flood tidal phase.
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3.4 Comparison of Whale Shark Surface Abundance between Day and Dusk

Whale shark sightings over four survey days showed a greater surface abundance at dusk
compared to day (morning) on all days except 18/05/13. Dusk had a mean number of
sightings of 6.5±(2.25)SE individuals, while morning had a mean of 4.25±(1.44)SE individuals
over the same flight transect. However, statistical analysis did not find this to be significant
(df=1, MS=266.3, Pseudo-F=0.74634, p=0.437). This is reflected in the large variance
between sample days (Figure 23).

Figure 23: Comparison of mean (n=4) whale shark sightings along set transects between day
(09:00-09:30) and dusk (16:40-17:10). Error bars represent 95% confidence intervals.
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Chapter 4: Discussion

Rhincodon typus at NMP exhibit diurnal variation in their movements, displaying an increase
in foraging effort following sunset (Gunn et al., 1999; Wilson et al. 2006; Taylor, 2007; Gleiss
et al., 2013). This study is the first to demonstrate that this in fact coincides with a diurnal
variation in the distribution of their zooplanktonic prey within NMP. The zooplankton
diurnal vertical migration recorded in this study resulted in a marked increase in the
concentration of zooplankton at the surface following sunset. The increase in active feeding
behaviour displayed by R. typus following sunset is likely to be related to this temporal
abundance of potential prey.
General Description of the Zooplankton Community at Ningaloo Marine Park
The zooplankton concentration measured at the study site at NMP was high, as is generally
recorded in coastal locations where R. typus aggregations have been studied (Heyman et al.,
2001; Nelson and Eckert, 2007; Hobbs et al., 2009; Motta et al., 2010). This high abundance
of zooplankton is characteristic of NMP in the austral autumn (Taylor and Pearce, 1999;
Sleeman et al., 2007) and is attributed to the temporally high abundance of potential food
sources (Taylor and Pearce, 1999; Sleeman et al., 2007; Rousseaux et al., 2012). One such
potential food source is the mass annual coral spawn which occurred approximately two
weeks before sampling was conducted (Taylor 1989, 1996; Taylor and Pearce, 1999). In
addition, phytoplankton concentrations peak in autumn and are driven by the deepening of
the mixed layer depth (Sleeman et al., 2007; Rousseaux et al., 2012). The complex
oceanography of NMP results in these high concentrations of nutrients and plankton being
retained in the area (Sleeman et al., 2007).
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The zooplankton community was dominated by Copepoda followed by Appendicularia, and
Decapoda larvae. Copepoda is a major constituent of a wide range of oceanic and coastal
zooplankton communities (Harris et al., 2000). Their population size is strongly related to
food availability, with high concentrations occurring in areas such as NMP where food is
abundant (Folt and Burns, 1999). Appendicularia also has a wide geographic range, although
its abundance is correlated more strongly to water temperature than to food availability
(Uye and Ichino, 1995). Consequently, their dominance at the time of sampling may be a
seasonal feature of the NMP zooplankton community. Decapoda larvae are a form of
meroplankton; i.e. only part of their life cycle is spent as plankton (Harris et al., 2000).
Coastal areas provide a more suitable habitat than oceanic areas for meroplankton due to
their high productivity and increased benthic egg resting areas (Harris et al., 2000).
This zooplankton community composition also reflects the bias associated with net
sampling. The dominance of Copepoda and other small taxa observed in this study is
common for net tows in coastal areas (Longhurst, 1985). Larger more mobile species are
able to exert some degree of net avoidance, and there was no appropriate correction factor
available to account for this (Harris et al., 2000). This is likely to account for the much lower
abundance of Euphausiacea, Mysidacea and Amphipoda detected in this study compared to
light trap zooplankton samples collected at NMP by Wilson et al. (2003). However, light
traps only target mobile photo-tactic species and are therefore likely to overestimate the
abundance of these taxon (Hickford and Schiel, 1999). In addition, net avoidance error
increases with irradiance, and therefore may enhance the difference between day and night
samples being compared in this study (Stasio, 1993).
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4.1 Diurnal Variation in the Zooplankton Community

4.1.1 Diurnal Variation in the Surface Concentration of Zooplankton

Results from this study depict a distinct diurnal change in surface zooplankton concentration
within NMP. Consistent with the classic Diurnal Vertical Migration model (Iwasa, 1982;
Loose and Dawidowicz, 1994; Hays, 2003), surface zooplankton concentrations increased at
night, and decreased during the day. Twilight periods demonstrated an intermediate
concentration, when vertical migrations are assumed to commence (Hays, 2003). The
fundamental principles underlying this classic DVM model are that food availability is
greater at the surface and that predation pressure is decreased at night (Han and
Straskraba, 1998; Hays, 2003). The extent to which these assumptions are met is also
influenced by a number of environmental factors including vertical mixing, water clarity and
lunar phase (Han and Straskraba, 1998). By examining the factors influencing DVM observed
in this study, its broader application to NMP can be scrutinized.
Influence of Food Availability and Distribution on Zooplankton Diurnal Vertical Migration
The field work for this study was carried out approximately two weeks after the annual coral
spawn in April (3-6th April). In addition, autumn is when phytoplankton concentrations reach
their maximum at NMP (Rousseaux et al., 2012). This seasonal abundance of potential food
for zooplankton favours the DVM behaviour observed. Predator avoidance behaviour such
as DVM is only exhibited when predator mortality outweighs starvation in risks to survival
(Huntley and Brooks, 1982).
Zooplankton dietary analysis and direct measurements of the distribution of their potential
food sources fell beyond the scope of this study. Without this information it is not possible
to state whether food availability was greater at the surface, thus providing the incentive for
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the zooplankton DVM recorded. Previous studies have however found that the
phytoplankton population within NMP in autumn is actually homogenously distributed
throughout the water column (Furnas, 2007; Rousseaux et al., 2012). A homogenous
distribution of food throughout the water column reduces the incentive to migrate to
surface waters, except on a minor scale to reduce competition and graze new areas (Han
and Straskraba, 1998; Cuker and Watson, 2002). This suggests factors outside of food
distribution are also likely to provide incentive for zooplankton to migrate to surface waters.
Influence of Predation Pressure on Zooplankton Diurnal Vertical Migration
Ningaloo Marine Park supports a number of planktivorous fishes, with nearshore areas
providing some refuge for juvenile or larval fish from piscivores in deeper water (Stasio,
1993; Fox and Beckley, 2005). The DVM behaviour of zooplankton observed in this study is
therefore consistent with predator avoidance behaviour (Bollens and Frost, 1989; Stasio,
1993; Han and Straskraba, 1998), i.e. during the day zooplankton remain at depth to avoid
visual predators, only surfacing when reduced irradiance inhibits their visual capabilities.
A number of carnivorous zooplankton were observed in this study that are not reliant on
visual senses including: Chaetognatha, Polychaeta, and Ctenophores (Gaughan and Fletcher,
1997), consistent with samples taken by Strzelecki et al. (2007) in north-west Australia. The
dominance of non-visual predators is known to supress DVM behaviour, reducing the
advantage of migrating to the surface in darkness (Ohman et al., 1983). Although the
influence of these non-visual predators was not sufficient to supress the overall DVM of the
zooplankton community sampled, it is likely to have contributed to the lack of DVM
observed in some taxon (Ohman et al., 1983; Han and Straskraba, 1998). Hence, DVM
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behaviour at NMP reflects the relative abundance of visual and non-visual predators and
their target prey.
Physical Factors Affecting Zooplankton Diurnal Vertical Migration
Wind, tide, and swell data collected over the sampling period were typical for NMP in
autumn (Cassata and Collins, 2008), strengthening the assumption that the water column
was well mixed, as anticipated in autumn (Rousseaux et al., 2012). This lack of stratification
favours the DVM behaviour in this study as zooplankton were not inhibited by
deoxygenated layers, density barriers, or cold temperatures at depth, all of which have been
found to suppress DVM in other studies (Ohman, 1990; Han and Straskraba, 1998; Hidalgo
et al., 2005; Escribano et al., 2009; Werner and Buchholz, 2013). The extent of stratification
is predicted to intensify with depth and therefore may become an influencing factor further
offshore in deeper water near the boundaries of NMP.
Diurnal Vertical Migration used for Tidal Current Dispersion
Samples examined from ebb tides (06:00, 18:00, 22:00) had a significantly higher surface
zooplankton concentration compared to flood tides (02:00, 10:00, 14:00). One explanation
could be that another incentive for zooplankton to migrate at NMP is the greater current
strength at the surface, facilitating passive transport via tidal currents (Manuel et al., 1997;
Cuker and Watson, 2002; Carr et al., 2008). Ebb tides generate greater offshore transport at
NMP, facilitating dispersal (Taebi et al., 2011). This use of currents to facilitate on- and
offshore transport is particularly common in larval Decapoda (Morgan, 1996; Goncalves et
al., 2003), which constituted a high proportion of the diurnal migrators in this study. Further
research is required on the influence of tidal currents on zooplankton DVM at NMP.
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4.1.2 Variation in Zooplankton Concentration within the Water Column: a ‘Diurnal
Deficit’?

Vertical plankton samples representing the entire water column also showed a diurnal
pattern, with increasing zooplankton concentration at night and decreasing concentration
during the day. This contradicts the original hypothesis i.e. that variation in the surface
concentration of zooplankton would signify vertical movement and redistribution within the
water column, not a net increase/decrease to the area. The apparent net decrease in the
overall abundance of zooplankton in the water column during the day is actually a relatively
common enigma in DVM studies and has been termed a ‘diurnal deficit’ (Bollens and Frost,
1989; Stasio, 1993). A number of theories have been proposed to explain this, including
zooplankton burrowing into sediments, diurnal horizontal movements, sampling limitations,
and increased net avoidance during the day (Alldredge and King, 1977, 1985; Moen and
Langeland, 1989; Stasio, 1993).
The water depth at the study site was 30 m. As a result of this shallow depth, irradiance and
hence mortality risk from visually orientating predators is not completely eliminated at
depth. To further escape visually orientating predators, it is plausible that some zooplankton
physically burrow in to sediments, as recorded in a number of other nearshore coral reef
and coastal systems (Alldredge and King, 1977, 1985; Stasio, 1993; Kalouri et al., 2009). This
daytime burrowing behaviour appears to occur across a broad range of taxon (Alldredge and
King, 1977, 1985; Jacoby and Greenwood, 1988; Stasio, 1993; Kalouri et al., 2009), and thus
provides a reasonable explanation for the net decrease in zooplankton abundance during
the day in this study. It may be beneficial for future studies of zooplankton DVM at NMP to
consider methods which incorporate sediment samples, including near-benthos and
burrowing zooplankton into analysis.
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The diurnal deficit may also be influenced by diurnal horizontal movements. Migration of
zooplankton towards nearshore areas such as the study site at night is hypothesised to
occur for the purpose of egg laying, mating, or feeding activities (Moen and Langeland,
1989; Stasio, 1993). This may have explained the high abundance of unidentified egg spawn
recorded at night in the present study. Avoidance of such nearshore areas during the day
can reduce mortality from predators, with visual planktivores such as small fish often
restricted to these areas because of the predation risk of piscivory in open water (Stasio,
1993). Conversely, horizontal shifts in zooplankton distribution may occur passively from
wind and tidal driven currents (Folt and Burns, 1999).

4.1.3 Diurnal Variation in Zooplankton Community Composition

Whilst DVM was the overall pattern recorded in the zooplankton community, different
behaviours exhibited by different taxon generated diurnal variation in the zooplankton
community composition. In surface waters there was an increase in ‘Crustacea’ zooplankton
at night and an increase in the relative abundance of ‘Gelatinous’ types during the day. This
is a common trend observed in the DVM of zooplankton communities, due to the increased
light perception and locomotive capabilities in Crustacea (Andersen and Sardou, 1992).
When examining the abundance of each taxon over time, they could be broadly grouped as:
diurnal vertical migrators, reverse diurnal vertical migrators, or non-migrators which
fluctuated in abundance or remained homogenous with time. The broad taxonomic groups
used in this study may have masked inter- and intra-species DVM behaviours (Sameoto,
1984; Moen and Langeland, 1989; Manuel et al., 1997; Werner and Buchholz, 2013).
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However, these fine scale variations were not of primary concern in the present study,
which had a greater interest in broad scale changes of nutritional significance to R. typus.
Taxon contributing most to the diurnal increase in surface concentrations of zooplankton
included Decapoda-shrimp-like, Euphausiacea, and Mysidacea. DVM behaviour has been
observed in these taxon throughout the world (Sameoto, 1984; Andersen and Sardou, 1992;
Werner and Buchholz, 2013), including north-west Australia (Strzelecki et al., 2007). The
large size and pigmentation in the species sampled in this study (Appendix 1) suggest they
would be particularly vulnerable to visual predators, encouraging DVM for predator
avoidance (Sameoto, 1984; Hays, 2003).
Appendicularia was recorded to exhibit reverse DVM in this study. This is consistent with
observations made by Strzelecki et al. (2007) in north-west Australia. Appendicularia is
commonly predated on by carnivorous zooplankton (King et al., 1980; Uye and Ichino, 1995)
and small fish (Shelbourne, 1962; Uye and Ichino, 1995). The translucent appearance of
Appendicularia (Appendix 1) may provide some protection from small fish, allowing them to
remain at the surface during the day. Their migration to depth at night may be to avoid
carnivorous zooplankton, undergoing normal DVM (Ohman et al., 1983). The diurnal
migrating taxon recorded in this study are omnivorous, and it is feasible they may feed on
Appendicularia (Hu, 1978; Metillo et al., 2007; Carrasco and Perissinotto, 2010). Species
specific dietary analysis in future studies would allow for a more in depth understanding of
these food web interactions.
A number of taxon fluctuated in relative abundance, which was significant in differentiating
between sample times, but could not be conclusively classified as diurnal migration. This
included unidentified eggs, Copepoda, Chaetognatha, Gastropoda, Salpida, and Decapoda-
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brachyuran-crab. This variability reflects the dynamic nature of zooplankton communities
which frequently vary in composition as a result of spawns, blooms, and swarms of different
species (Folt and Burns, 1999; Graham et al., 2001). A number of coral, fish, and
invertebrate species at NMP broadcast spawn, which could account for the large
fluctuations in egg abundance (Simpson, 1991, Taylor and Pearce, 1999; Mackie, 2007).
Other biological functions driving aggregation include response to patchy food resources,
mating, or predator avoidance (Folt and Burns, 1999). Without extensive knowledge of the
ecological requirements of each species it is difficult to diagnose the exact cause of these
fluctuations.
Taxon that did not display any significant variation in abundance between sample times
included: Echinodermata, Cnidaria/Ctenophore, Polychaeta, Amphipoda, and Teleostei
larvae. This may reflect limited movement capabilities of some taxon, as would be expected
for Echinodermata larvae (Harris et al., 2000). However, the lack of pattern observed in
Cnidaria/Ctenophore may reflect the broad grouping of this taxon. Cnidaria and
Ctenophores were grouped together due to the difficulties identifying damaged samples; a
common problem in net tows (Harris et al., 2000; Graham et al., 2001). Ctenophores are
rarely observed undergoing DVM, possibly due to the lack of light detecting organs in the
phylum (Graham et al., 2001). In contrast several species of Cnidaria have been observed
undergoing DVM behaviour (Graham et al., 2001). Diurnal Vertical Migration in Cnidaria is
thought to be more closely linked to the DVM of copepod prey, rather than predator
avoidance (Graham et al., 2001). As Copepoda was not observed undergoing obvious DVM
this may have been a factor influencing Cnidaria DVM, or lack thereof, at the study site. The
lack of observable pattern detected in Polychaeta, Amphipoda, and Teleostei larvae is
suggested to reflect the small number of individuals sampled in these groups.
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4.1.4 Limitations and Recommendations for Future Zooplankton Diurnal Vertical

Migration Research at Ningaloo Marine Park

The apparent DVM recorded during this single 24 hour period at NMP was likely a function
of food availability, predator type and abundance, and a number of physical features at the
time of sampling. The conditions influencing the extent of zooplankton DVM in this study
are likely to vary spatially with depth, distance from the reef crest, and degree of ocean
mixing. These conditions are also known to vary on a seasonal scale at NMP, and to a lesser
extent intra-seasonally (Hanson et al., 2005; Furnas, 2007, Sleeman et al., 2007, Rousseaux
et al., 2012). This study provides a good basis for further research, i.e. to replicate 24 hour
sampling inter- and intra-seasonally across a range of sites at NMP.

4.2 Influence of Zooplankton Diurnal Vertical Migration on Whale Shark Movements
4.2.1 Influence of Zooplankton Diurnal Vertical Migration on Whale Shark Foraging

Zooplankton Associated With Passive Feeding

Plankton samples collected in the vicinity of R. typus individuals exhibiting passive feeding
behaviour did not differ significantly from plankton samples collected at the 24 hour study
site. Mean zooplankton abundance at the study site was higher than in feeding samples. As
such, a threshold concentration required for passive feeding was not able to be determined
in this study. This is consistent with findings by Nelson and Eckert (2007), where
zooplankton samples were compared from the vicinity of passive feeding individuals to a
control site.
The community composition of zooplankton samples collected near passively feeding R.
typus individuals compared to the study site at NMP differed significantly. Feeding samples
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were dominated by Cnidaria/Ctenophore, whilst samples from the study site were
dominated by Copepoda, Appendicularia, and Decapoda-shrimp-like. Considering
Cnidaria/Ctenophore contain a significantly lower carbon and energy content compared to
Copepoda and other crustaceans (Matondka et al., 1995; Harris et al., 2000), it seems
unlikely that R. typus was specifically targeting these prey groups.
This difference in community composition between feeding samples and the study site
collected at comparable times is likely to represent seasonal progression in the zooplankton
community, with samples collected approximately one month apart. The difference in
community composition between samples was correlated to the lower temperature and
dissolved oxygen associated with feeding samples compared to the primary study site,
whilst salinity did not test significant. The relative abundance of zooplankton taxon often
reflects their optimum temperature ranges (Sameoto, 1984; Hangreaves, 1989; Uye and
Ichino, 1995). This is a plausable explanation for the marked decline in the relative
abundance of Appendicularia with their hatching and spawning rate found to decrease
exponentially with a decrease in temperature (Uye and Ichino, 1995). This seasonal change
in zooplankton community composition also strengthens the argument that overall
zooplankton DVM is likely to exhibit seasonal variation, with different taxon in this study
exhibiting different behaviours.
Significance of Passive Feeding At Ningaloo Marine Park
As passive feeding takes place even at low prey concentration, it is proposed that it may
serve another function outside of sustaining energy requirements. It has been hypothesised
that passive feeding functions as a gustatory search tactic, subsidising energy expenditure
while R. typus is searching for more highly productive patches (Nelson and Eckert, 2007;
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Taylor, 2007; Gleiss et al., 2010). Thus, passive feeding would prevail until the minimum
thresholds for active feeding are reached (Sims, 1999; Nelson and Eckert, 2007). However,
in contrast it has also been suggested that the drag and energy costs associated with
swimming with an open mouth indicate it would not be efficient to continually passive feed
in low prey concentrations (Gleiss et al., 2010; Motta et al., 2010). To gain a better
understanding of the foraging ecology of R. typus at NMP, further research is required to
ascertain how long R. typus passively feed and the relative contribution of this mode of
feeding to their overall energy requirements.
Absence of Active Feeding
Across eight aerial surveys, including four conducted at dusk, no active feeding by R. typus
was observed in this study. An additional two dusk surveys were conducted in the 2013
season by DPaW; one over the Muiron Islands (~10 km north of the North West Cape) on
the 7th of June and another on the 5th of July along the west of the reef edge covering a
similar sized area to this study. These were also unsuccessful in locating feeding
aggregations or active feeding, although this had been observed on several occasions during
2012 (D. Rob, DPaW, pers. comm.). Gleiss et al. (2010) suggested that R. typus at NMP
exhibited active feeding for approximately 8.3 minutes a day, usually following sunset. The
short duration of active feeding for R. typus reported at NMP, combined with a greater
prevalence of night feeding, may explain why this activity was not observed in aerial surveys
over the 2013 season.
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4.2.2 The Influence of Zooplankton Diurnal Vertical Migration on the Vertical
Distribution of the Whale Shark

Comparison of Surface Abundance between Day and Dusk
When analysing the number of R. typus sightings recorded during aerial surveys, surface
abundance at dusk was greater compared to during the day. Whilst these findings were not
statistically significant, previous studies examining swimming depth of tagged individuals
over 24 hours at NMP also indicated a greater proportion of time was spent at the surface
at night compared to day (Gunn et al., 1999; Wilson et al. 2006). A similar diurnal pattern
has been reported for R. typus in Belize (Graham et al., 2006) and the Seychelles (Rowat and
Gore, 2007). However, in Mozambique (Brunnschweiler et al., 2009), Djibouti (Rowat et al.,
2007), and Mexico (Motta et al., 2010), R. typus was recorded to spend more time at the
surface during the day. This indicates that the diurnal vertical movements of R. typus are
likely to be habitat specific.
The vertical distribution of R. typus has been hypothesised to reflect foraging effort and
hence the distribution of prey, as exhibited in C. maximus (Sims et al., 2005). At NMP, Gunn
et al. (1999) and Wilson et al. (2006) hypothesised that the reason R. typus spent more time
at the surface following sunset was related to diurnal changes in the distribution of their
prey. The DVM of zooplankton recorded in this study supports this theory, with significantly
greater surface abundances of zooplankton found to be present following sunset. Similarly,
high surface concentrations of zooplankton during the day may explain why R. typus spend a
greater proportion of time in surface waters during the day in Djibouti and Mexico (Rowat et
al., 2007; Motta et al., 2010). However, this still assumes that foraging effort is the only
significant factor explaining the vertical distribution of R. typus.
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Results from eight individuals tagged by Gleiss et al. (2013) found that despite an increase in
active feeding at sunset, surface abundance was not significantly greater at night. Hence,
surface abundance does not directly correlate to foraging effort. This warrants the need to
explore alternate reasons influencing the vertical movements of R. typus other than prey
distribution, e.g. thermoregulation, energy efficiency, or navigational purposes (Gleiss et al.,
2010, 2013; Speed et al., 2010; Thums et al., 2012).
4.2.3 Limitations and Future Recommendations for Studying Whale Shark Diurnal
Movements

The failure to locate active feeding in the present study reflects the limited and sporadic
search effort possible within the scope of this Honours project, although evidence suggests
active feeding is more prevalent at night and only occurs for several minutes/day (Gleiss et
al., 2010, 2013). Aerial surveys were restricted to dusk due to the limited viewing
capabilities while operating in the dark. A total of only eight surveys, four at dusk, were
possible in this study due to the high costs associated with spotter plane charter. Additional
research is required to ascertain what factors drive active feeding and how frequently these
conditions are likely to exist for R. typus at NMP. This may allow search effort to be more
effective in targeting active feeding.
The difference in the surface abundance of R. typus between day and dusk could not be
statistically verified in this study. This was due to the pronounced variability in the surface
abundance of R. typus between sample days, indicating it is likely that a number of other
factors may also influence the surface abundance of R. typus. To accurately compare the
surface abundance of R. typus between day and dusk using aerial surveys, these
confounding factors would need to be examined and appropriate correction factors
incorporated into statistical analysis.
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It is recommended that future studies consider the use of daily diary data-logging tags, as a
more robust method for studying the movements of R. typus (Gleiss et al., 2010, 2013).
Their ability to record depth, speed, acceleration, and pitch over a 24 hour period allows the
diurnal habitat use and foraging behaviour of R. typus to be studied simultaneously.
However, the high expense and considerable effort required for deployment made their use
inappropriate for a 9 month-long Honours research project. It would be inappropriate to
attempt to downscale a data-logging study due to the increase in random error with a
decrease in sample size (number of tagged individuals). Aerial surveys were thus employed
as an alternative method for studying the vertical distribution of R. typus.

4.3 Conclusion

The zooplankton DVM observed in this study at NMP resulted in a distinct increase in
surface zooplankton concentration at night, and decrease during the day. All of the diurnal
migrators contributing to this trend were identified as Crustacea. This resulted in not only a
nocturnal increase in potential prey concentration, but an increase in the relative
abundance of Crustacea, an energy dense prey source for R. typus (Matondka et al., 1995;
Harris et al., 2000). It is suggested the diurnal variation reported in the present study was a
predator avoidance response to the high abundance of visually orientating planktivorous
fish within NMP. Although the scope of this study was limited to just one 24 hour period of
sampling at a single study site, it provides a good basis for further zooplankton DVM
research at NMP, examining the spatial and temporal variation in zooplankton DVM.
Passive feeding did not appear to exhibit a threshold concentration, nor target a specific
prey type. It is therefore suggested that passive feeding does not exhibit significant diurnal
variation at NMP. Nelson and Eckert (2007) proposed that passive feeding is more
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important as a gustatory search tactic, rather than in satisfying energy requirements.
Further research is required to validate the relative contributions of active and passive
feeding modes to the energy requirements of R. typus at NMP. This would further our
understanding of R. typus foraging at NMP, and the conservation significance of this area.
Although active feeding behaviour was not observed in this study, previous research at NMP
has indicated that it has an increased prevalence following sunset and into the night, albeit
for only a few minutes/day (Gunn et al., 1999; Taylor, 2007, Gleiss et al., 2013). These
studies hypothesised that this coincides with an increased concentration of potential prey at
the surface following zooplankton DVM. The current study provides some evidence to
support this hypothesis, validating that zooplankton do undergo DVM at NMP. It was
hypothesised that the increased foraging benefits associated with zooplankton DVM would
also influence the diurnal vertical distribution of R. typus. Considering the limited results
obtained from aerial surveys undertaken in the current study, it is suggested that an
expanded data-logging tagging study could provide a more robust method for testing this
hypothesis.
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Appendix 1 Zooplankton Reference Collection
Mysidacea
Phylum Arthropoda, Class Crustacea, Order Mysidacea

Figure 1a: Haplostyllls similis displaying large carapace (c) which is not attached to all
thoracic limbs like Decapoda or Euphausiacea; b: Haplostyllls similis displaying
statocysts (st)within the uropods of the tail-fan. This is a distinguishing feature of
Mysidacea; c: Haplostyllls similis with well-developed brood pouch (bp).
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Euphausiacea
Phylum Arthropoda, Class Crustacea, Order Euphausiacea

Figure 2a: Pseudeuphausia latifrons dorsal view; b: Pseudeuphausia latifrons lateral view; c:
Pseudeuphausia latifrons displaying external gills(g) used to differentiate
Euphausiacea from other Crustacea; d: Pseudeuphausia latifrons displaying
photophores (pp) used to differentiate Euphausiacea from Mysidacea; e-f: larval
stages of Euphausiacea. The uropod (ur) and telson (t) were used to differentiate
them from Decapoda-shrimp-like larvae.
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Decapoda-Shrimp-Like
Phylum Arthropoda, Class Crustacea, Order Decapoda

t

as

ps

Figure 3a-b: Caridea zoea larvae, Decapoda. Distinguished by lack of free uropods around
the telson (t); c: Anomura zoea larvae, Decapoda. easily distinguished by very long
anterior carapace spine (as) and double posterior spine (ps); d: Lucifer penicillifer.
Easily distinguished elongate shape and dominant eyes.
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Decapoda-brachyuran-crab
Phylum Arthropoda, Class Crustacea, Order Decapoda

Figure 4a: Brachyuran zoea larvae. Note distinguished dorsal spine (ds) and rostral
projection (rp); b-c: Brachyuran megalopa larvae. Displaying fully developed thoracic
walking legs (twl), chelae (ch), compound eye (ce) and antennae (a).
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Amphipoda
Phylum Arthropoda, Class Crustacea, Order Amphipoda

ce

p

a

Figure 5: Amphipoda. Displaying characteristic large compound eye (ce), short antennae (a),
and large setose swimming pleopods (p) on its abdomen.

Appendicularia
Phylum Chordata, Class Appendicularia

ta

t

Figure 6: Oikopleura dioica displaying trunk (tr) and tail (ta).
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Teleostei Larvae
Phylum Chordata, Class Osteichthyes

b

a

Figure 7a-b: Teleostei larvae.

Egg

a

b

Figure 8a-b: Unidentified egg.
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Salpida
Phylum Chordata, Order Salpida

mu
tt

en

Figure 9: Thalia democratica displaying endostyle (en), muscle bands (mu) and transparent
test (tt).

Echinodermata
Phylum Echinodermata

Figure 10: Echinodermata pluteus larvae.
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Polychaeta
Phylum Annelida, Class Polychaeta

Figure 11a: Polychaeta. Segmented with advanced parapodia; b: Tomopteridae, Polychaeta.
Transparent appearance, parapodia lack chaetae rather bear paddle like extensions; c:
Polychaeta. Displaying well developed parapodia (p) with chaetae (c) and eyes (e); d:
Polychaeta. Wider form also with well-developed parapodia (p) and chaetae (c).
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Cnidaria/Ctenophore
Phylum Cnidaria/Ctenophore

Figure 12a-b: Hydrozoan, Cnidaria. Displaying marginal tentacles (mt), gonads (g) and
stomach (st); c: Siphonophora, Hydrozoan, Cnidaria. Displaying somatocyst (sc) which is
thought to be a vestigial tentacle, and the cormidia (c) which is a secondary budded polyps;
d: Schyphozoan Cnindaria.
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Gastropoda
Phylum Mollusca, Class Gastropoda

Figure 13: Gastropoda shell.

Chaetognatha
Phylum Chaetognatha

Figure 14a: Chaetognatha, translucent and straight appearance; b: Chaetognatha, head
clearing showing the unusual external spinous (sp) jaws typical of chaetognaths.

117

Copepoda
Phylum Arthropoda, Class Crustacea Subclass Copepoda

Figure 15a-b: Calanodia Copepoda. Note long antennule (a1), antenna (a2) with setae (s),
urosome (ur) and thoracic swimming legs (tsl).
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