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Abstract Activity patterns of animals often relate to

environmental variables such as food availability and pre-

dation pressure. Technological advances are providing us

with new tools to monitor and better understand these

activity patterns. We used animal-attached data loggers

recording acceleration and depth to compare activity pat-

terns and vertical habitat use of whale sharks (Rhincodon

typus) at Ningaloo Reef, Western Australia. Whale sharks

showed a moderate reverse diel vertical migration but

exhibited a clear crepuscular pattern in locomotory activ-

ity. Peak activity occurred at sunset, whereas vertical

movement peaked prior to this. Typical ram surface filter

feeding could be identified and occurred primarily during

sunset and the first hours of night. At such times, direct

observations indicated whale sharks were feeding on

tropical krill swarms. Kinematic analysis of postural data

and data from vertical movement suggests that whale

sharks at Ningaloo spend *8 min per day actively ram

surface filter feeding. Considering the high biomass present

in krill schools, it is estimated that whale sharks at

Ningaloo have a similar energy intake as those at other

aggregation sites. Diel patterns in activity and diving

behaviour suggest that whale sharks have tuned their div-

ing behaviour in anticipation of the formation of these

high-density patches which appear to only be periodically,

but predictably available at sunset. Our results confirm that

diel patterns in vertical habitat selection and vertical

movements do not necessarily reflect patterns in activity

and foraging behaviour. Direct quantification of activity

and behaviour is required in gaining accurate representa-

tion of diel activity patterns.

Introduction

Diel changes in vertical habitat use (e.g. diel vertical

migration, DVM) have been widely documented in aquatic

predators and are considered to be the result of changes in

the distribution of prey, which are driven by ambient light

levels (Croxall et al. 1985; Watanabe et al. 2004; Sims
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et al. 2005; Shepard et al. 2006). Decreased light levels at

night time are thought to reduce predation pressure on

zooplankton by visual predators, which explains why

zooplankton feed in surface waters during low light con-

ditions and descend into deeper waters during daytime

(Loose and Dawidowicz 1994; Folt and Burns 1999; Hays

2003). For planktivores, such as filter-feeding whale

(Rhincodon typus) and basking sharks (Cetorhinus maxi-

mus), the daily shift in vertical habitat use is thought to be a

direct response to the DVM of its prey (Sims et al. 2005),

whilst higher trophic level predators shift their position in

the water column with respect to their prey that follows

vertically migrating zooplankton (Hays 2003). Thus, the

majority of pelagic sharks are thought to undertake diel

shifts in habitat selection for the purpose of increasing their

foraging efficiency by tracking vertically migrating prey

(West and Stevens 2001; Weng and Block 2004; Graham

et al. 2006; Saunders et al. 2011).

Past studies investigating the patterns of activity and

habitat selection of marine mega-vertebrates have largely

been constrained by available technology (Ropert-Coudert

and Wilson 2005; Whitney et al. 2012); commonly used

animal-attached tags record depth along with temperature

and ambient light, restricting analyses to the vertical

component of movement (although some studies may use

these data to estimate global position via geolocation).

Nonetheless, such studies have resulted in unparalleled

insights into the habits of some of the most enigmatic

species on our planet (Boustany et al. 2002; Sims et al.

2005; Skomal et al. 2009; Block et al. 2011; Campana et al.

2011). Such work necessarily involves some inference with

regard to the processes driving the observed movement.

For instance, even though a shark may shift its position in

the water column between day and night, this does not

necessarily mean it is tracking prey; it could be making use

of colder temperatures at deeper depths to decrease

metabolism while not foraging, as has been suggested for

blue sharks (Prionace glauca) (Campana et al. 2011).

Many such uncertainties can be addressed using more

sophisticated data-logging technology sampling more

parameters, including, for example, tri-axial acceleration

(Goldbogen et al. 2006; Wilson et al. 2008; Shepard et al.

2009b). Acceleration data can quantify locomotory activity

[a powerful proxy of metabolic rate (Wilson et al. 2006a;

Halsey et al. 2008; Clark et al. 2010; Gleiss et al. 2010)], as

well as deduce the behaviour of an individual based on its

body motion or posture (Yoda et al. 2001; Shepard et al.

2010; Nathan et al. 2012). Indeed, over recent years, a

number of studies have shown the power of accelerometers

to contextualise the observed movement patterns of sharks

(Whitney et al. 2007, 2010; Gleiss et al. 2009a, 2011b;

Nakamura et al. 2011). Accelerometers therefore appear to

be a powerful tool to provide additional perspective to data

obtained from depth sensors and help explain the mecha-

nisms driving vertical movement, behaviour and general

activity by individual sharks.

Whale sharks have been subject to multiple tagging

studies (Gunn et al. 1999; Graham et al. 2006; Wilson et al.

2006b; Rowat and Gore 2007), which have elucidated both

short and long-term horizontal movements, as well as

vertical movement. Whale sharks are filter-feeding sharks

that are well known for forming dense aggregations in a

few select localities globally, often in order to feed (Hey-

man et al. 2001; Meekan et al. 2006; Holmberg et al. 2008;

de la Parra Venegas et al. 2011; Ramı́rez-Macı́as et al.

2012). At Ningaloo Reef, Western Australia, whale sharks

aggregate annually between March and June (Meekan et al.

2006; Holmberg et al. 2008). Mark-recapture studies of

photograph-identified sharks suggest a mean residency

time of approx. 33 days where sharks swimming near the

surface are commonly observed by tourists (Holmberg

et al. 2008). Acoustic tracking studies during this annual

residency have shown that sharks remain within close

proximity and move in a primarily parallel manner to the

fringing Ningaloo Reef (Gunn et al. 1999). The coastal

region of the Ningaloo Current contains high nutrient

concentrations which are reflected in higher phytoplankton

biomass than nearby oceanic waters (Woo et al. 2006),

forming the basis of the food-web at the site. Despite the

increased productivity of the North-West Shelf, whale

sharks are rarely observed feeding at Ningaloo (Taylor

2007) and their vertical movement patterns lack the clear

diel patterns (Gunn et al. 1999; Wilson et al. 2006b) that

are commonly observed in planktivorous sharks while

feeding in coastal waters (Sims et al. 2005; Motta et al. 2010).

In the present study, we aimed to clarify the relationship

between vertical migration and activity of whale sharks at

Ningaloo, with a view to ascertain if the lack of diel patterns

in depth use is indicative of sporadic foraging opportunities,

with a view to clarify the role of the Ningaloo whale shark

aggregation as a potential foraging hotspot.

Methods

Field protocol

Whale sharks were tagged at Ningaloo Reef (22�390S;

113�330E) off the Northwest Cape of Western Australia.

All equipment and tagging procedures are described in

detail elsewhere (Gleiss et al. 2009b, 2011b). In brief,

multi-sensor data loggers (Wilson et al. 2008) were

encased in buoyant housing and attached to free-swimming

sharks using a fin-clamp attached to the second dorsal fin.

Clamps consisted of a torsion spring, studded with two

short spikes, which barely penetrated the skin of the fin, but
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would maintain the consistent orientation necessary to

measure locomotor activity and animal orientation by the

accelerometer. Data loggers automatically popped-off fol-

lowing the corrosion of a galvanic timed release and were

recovered using VHF telemetry (Gleiss et al. 2009b).

Data treatment

Acceleration data were measured in three orthogonal axes,

measuring surge, heave and sway (see Fig. 1a). The

acceleration data consist of two components: the static

acceleration, which represents the sensor’s orientation in

relation to the earth’s gravitational pull (Yoda et al. 2001;

Shepard et al. 2009a), and the dynamic acceleration, which

measures the change in velocity of the sensor and therefore

indicates locomotory activity (Wilson et al. 2006a; Shepard

et al. 2009a). We determined the optimal smoothing win-

dow to separate the two components using the method

detailed in Shepard et al. (2009a); raw data were smoothed

using a moving average filter with a window of 5 s (i.e.

smoothing over 20 data points for sampling frequencies of

4 Hz and 40 data points for sampling frequencies of 8 Hz),

with the filtered data estimating static acceleration. Pitch

angle was subsequently calculated from static surging

acceleration:

pitch ¼ arcsine (astatic surgeÞ � b ð1Þ

where pitch (�) refers to the animals orientation with regard

to the horizontal plane (Fig. 1b), astatic surge referring to the

smoothed surging acceleration and b to the offset of the

tag’s axis in relation to the animal’s axis, as a result of

imperfect placement of the logger. b was determined using

the method described in Kawatsu et al. (2010), by using the

regression of vertical velocity and pitch (see Gleiss et al.

2011b). Dynamic body acceleration (DBA) was used as a

single proxy for locomotory power output (Wilson et al.

2006a; Gleiss et al. 2011c) and is defined as the absolute

dynamic acceleration added from the different acceleration

channels. Due to device-generated noise in the surging

acceleration in 2008, we only used partial dynamic body

acceleration (PDBAy, z) of the y-axis and z-axis to derive our

proxy locomotory effort (Green et al. 2009), thus avoiding

problems of estimates not being consistent between years.

Data extraction

Due to the high sampling frequency in all channels, we

sub-sampled 5-min mean values from the PDBA data,

which reduces the large variability in activity estimates,

due to peaks and troughs in acceleration data during the tail

beat cycle (Gleiss et al. 2009a). We also calculated a 5-min

mean value for the depths that sharks utilised, as well as

absolute vertical velocity (VV) as an index for the degree

of vertical movement, defined as the rate of change in

depth over a 10-s period. This data reduction allowed us to

analyse patterns in activity and vertical movement using

computationally intensive statistical procedures (see ‘‘Sta-

tistical analysis’’ section).

In addition to analysing the entire time-series dataset,

we also resampled the data to capture diel patterns in

Fig. 1 a Schematic diagram of

a tagged whale shark showing

the three components of

acceleration recorded by the

accelerometer. b Schematic

figure elaborating on the

definition of pitch angle during

ascents (?a) and descents (-a)

calculated from the static surge

(See ‘‘Materials and Method’’)
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diving behaviour. Whale sharks at Ningaloo Reef under-

take frequent oscillatory dives, as these dives are not

evenly spaced in time within the datasets prevents the use

of statistical procedures accounting for auto-correlation

(see ‘‘Statistical analysis’’ section). To avoid this problem,

we resampled our time series at consecutive 30-min

intervals. Within each consecutive 30-min interval of our

data, we calculated the % time spent in the upper 2 m of

the water column and two currencies related to diving

behaviour. We calculated (1) the maximum pitch angle

during a 30-min period, which is equivalent to the steepest

pitch angle during ascent from any dive performed in a

30-min period and (2) the deepest depths occupied within

the same period. The maximum pitch angle during ascents

represents a simple indicator of diving currency in whale

sharks; steeper angles minimise the vertical cost of trans-

port and shallower angles minimise the horizontal cost of

transport, therefore giving an indication as to whether

sharks were moving to cover horizontal or vertical dis-

tance, i.e. searching a horizontally restricted area or mov-

ing away from the patch previously occupied, respectively

(Gleiss et al. 2011b).

Statistical analysis

To reconstruct the patterns in activity from the 8 sharks, we

used a generalised additive mixed model (GAMM),

implemented in the mgcv library (Wood 2006) in R (R

Development Core Team 2010). GAMMs allow for non-

linear responses in the data, while accounting for differ-

ences in the measured parameters observed for different

individuals. The addition of individual whale shark as a

random effect, thus avoids pseudo-replication. Moreover,

GAMMs permit the addition of a correlation structure to

the model, which is of particular importance when dealing

with serially correlated time series data, such as the ones in

this study. GAMMs optimise the ‘‘wiggliness’’ of fitted

data, by penalising fits with increasingly nonlinear char-

acteristics, therefore providing an unbiased assessment of

the relationship between response and predictor. Optimal

smoothing is automatically performed by the mgcv pack-

age, using cross-validation. We modelled the serial

dependence in our data using an auto-regressive process of

order 1 (AR1) (Zuur et al. 2009), which assumes that the

magnitude of the data at time t is affected by the magnitude

of the data at time t - 1, where the magnitude of the serial

dependence is determined by the auto-correlation function.

Auto-correlation was tested on initial model fits (excluding

a correlation structure) through the autocorrelation func-

tion, revealing a steady decline of serial correlation with

increasing lag, supporting the choice in AR1 (Zuur et al.

2009). The correlation at lag = 1 (Table 2) was then used

in specifying the correlation structure of the data and added

as a term to the final model (Zuur et al. 2009). Error

structures of the models were chosen or data were trans-

formed after testing model assumptions (Zuur et al. 2010).

All movement data (depth, vertical velocity and activity) were

modelled as a function of time of day (covariate), while

accounting for individual differences between individuals

(random effect) and accounting for serial correlation. As our

covariate (time of day) is circular, we used a cyclic smoother

implemented in mgcv package (the ‘‘cc’’ smoother).

Results

Data loggers recorded a total of 222 h of continuous

activity and depth data from 8 whale sharks, resulting

in a mean deployment duration of 27 ± 15 h per shark

(Table 1). Sharks generally showed a multitude of different

patterns of vertical movement, including continuous

bounce diving and isolated V-shaped dives (Gleiss et al.

2011b), as well as protracted periods swimming near the

surface (Gleiss et al. 2011b). Activity showed considerable

variability with periods of low vs elevated activity and

varying degrees of vertical movement (Fig. 2). Overall,

whale sharks showed considerable variability in depth use

over the 24-h cycle (Fig. 2).

Table 1 Summary of 8 multiple channel logger deployments between 2008 and 2010

Shark ID Sex Length,

TL (m)

Sampling

Freq. (Hz)

Date

deployed

Time

tagged

Time

retrieved

Deployment

duration (h)

Temperature

(mean ± SD)

1 M 8.0 8 28.05.2008 10:32:26 17:53:56 07:21:30 26.8 ± 0.1

2 M 5.5 4 19.06.2009 14:03:47 12:41:12 36:37:25 24.7 ± 0.1

3 – 5.0 4 19.06.2009 13:18:49 18:23:25 53:04:36 24.6 ± 0.2

4 – 4.5 4 17.06.2009 12:59:23 06:27:10 41:27:47 24.5 ± 0.1

5 M 7.5 4 19.06.2009 14:45:18 17:42:52 26:57:34 24.8 ± 0.1

6 M 7 5 10.06.2010 10:39:09 14:27:34 27:48:25 26.0 ± 0.1

7 – 4.5 5 09.06.2010 14:28:13 05:42:56 15:14:43 26.0 ± 0.1

8 M 4.5 5 10.06.2010 13:40:17 03:30:33 13:50:16 26.0 ± 0.1
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Time series GAMMs

All time series data showed considerable auto-correlation,

reaffirming the importance of accounting for serial corre-

lation within the model. GAMM fits revealed a significant

change in the mean occupied depth, representing a mod-

erate (*10 m) reverse DVM (Table 2). Significant fits

were also obtained for activity (PDBA, Table 2) and

vertical movement (absolute vertical velocity, Table 2) in

relation to Time of Day. A clear peak in activity was

evident at sunset (0.12 g) and a minor peak at sunrise

(0.1 g, Fig. 3), indicative of crepuscular activity. Activity

subsequently declined to the lowest levels around midnight

(0.6 g, Fig. 3). The degree of vertical movement was

greatest prior to sunset (*0.25 m s-1) and showed a

decline after this initial peak (Fig. 3). Vertical movement

Fig. 2 Representative 24 h

trace of a whale shark’s depth

use, posture and activity,

ascertained by a multi-channel

data logger

Table 2 Summary statistics of the GAMM models fitted to vertical

movement (absolute vertical velocity), locomotory activity (inferred

from partial dynamic body acceleration, PDBA), maximum depth,

ascent pitch angle and proportion of time in the surface waters via the

mgcv package (Wood 2006)

Error structure/

transformation

Sampling

window

(min)

Resample

function

Correlation

at lag 1*

Degrees of

freedom**

F-statistic % deviance

explained

p value of

smoother***

Fit

shown

in

Depth Gamma 5 Mean 0.697 6.181 11.68 3.05 <0.0001 Fig. 3a

PDBA Gaussian 5 Mean 0.441 8.025 28.5 10.2 <0.0001 Fig. 3b

Absolute vertical

velocity

Gamma 5 Mean 0.393 7.451 11.4 8.3 <0.0001 Fig. 3c

Maximum depth Gaussian 30 Maximum 0.591 0.2545 0.035 0.626 0.327 Fig. 4a

Surface time Logit transform 30 % 0.706 5.846 3.7 12.3 <0.0001 Fig. 4b

Ascent angle Gaussian 30 Maximum 0.139 2.816 7.96 7.01 <0.0001 Fig. 4c

Significant fits are shown in bold. Model fits are displayed in Figs. 3 and 4

* Determined using the autocorrelation function and added to the model using an autoregressive process of order 1

** Degrees of freedom were estimated by the mgcv package implemented in R

*** p values of smoothers in GAM models fitted using mgcv are generally considered significant when p \ 0.01
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was at its lowest around midday (*0.12 m s-1) and after

sunset (*0.17 m s-1, Fig. 3).

In contrast to mean occupied depths, maximum depth of

the resampled time series did not show any significant diel

trends (Fig. 4a). Diel trends were, however, detected in the

% time spent in surface waters, revealing that sharks spent the

least amount of time in surface waters at midnight, more

during daytime (*20 %) and peak utilisation of surface

waters at sunset (*40 %, Fig. 4b). The maximum pitch

angles observed within each 30-min period also displayed a

significant diel pattern, with steeper ascent angles recorded

during daytime than during night time. The model revealed the

steepest ascent angle to occur prior to sunset (Fig. 4c).

Activity in surface waters

Visual observations of feeding sharks

On several occasions during the field season in 2012,

aggregations of up to 20 whale sharks could be observed

filter feeding at the surface around sunset together with

Mobula sp. (Rafinesque 1810) and other planktivorous fish.

The prey items consisted mainly of Pseudeuphausia lati-

frons with swarms in the top 50 cm of the water column

and concentrated in areas of approximately 30–50 m

diameter. While feeding, the first dorsal fin and much of the

dorsal part of the sharks’ heads usually cleared the water,

demonstrating a body posture with a pitch angle greater

than horizontal. Tail beat frequency and swim speed were

also visibly higher than in animals observed during the day

(personal observations BN and NL, Fig. 5).

Tag data

The increased activity and residence in surface waters at

sunset was accompanied by periods of between 2 and

20 min of increased swimming attitude (increased pitch) at

the surface (depth \2 m) and a corresponding increase

in PDBA, while maintaining constant depth (absolute

vertical velocity \0.05 m s-1, see Fig. 5). These kinematic

parameters resemble those of sharks performing ram sur-

face feeding (see Fig. 6 in visual observations, Nelson and

Eckert 2007; Taylor 2007). In an effort to quantify the

Fig. 3 General additive mixed model of 5-min means for depth

(a) and partial dynamic body acceleration (b) absolute vertical

velocity (c) for all 8 whale sharks over the 24-h day (222 h worth of

data). Depth use showed considerable variability and only minor diel

vertical migration. Vertical movement (absolute vertical velocity) was

greatest prior to sunset and midnight, while being lowest during

daylight hours. Activity (PDBA) showed a primarily crepuscular

pattern, with a major increase in activity around sunset and a minor

increase around sunrise, whereas night showed low levels of activity.

Colours represent individual whale sharks

Fig. 4 General additive mixed model of the 30-min resampled time

series for maximum depth (a), % time spent in surface waters (b) and

the maximum ascent pitch angle measure by the accelerometer (c).

Note the lack of a diel pattern in maximum dive depth, but a

crepuscular pattern in time spent in surface waters and a diel pattern

in maximum ascent angle, which is greatest at the onset of twilight.

Fits for all additive models are given in Table 2
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duration of sharks engaged in kinematically similar

behaviour, we calculated the duration where sharks were

moving with limited vertical velocity (between -0.05 and

0.05 m s-1), while still maintaining a positive angle of

attack [10�. These postural definitions are based on

previous measurements by direct observations (Nelson and

Eckert 2007; Motta et al. 2010). Based on our observations

and those of other workers (see Fig. 6 in visual observa-

tions, Nelson and Eckert 2007; Taylor 2007) of increased

activity during ram surface feeding, we chose the 90th

Fig. 5 Example traces of

kinematic and activity data of a

whale shark in surface water

during the day (a) and during

sunset (b). Note the difference

in activity (PDBA) and the

extended periods of sharks

swimming with a positive angle

of attack (indicated by grey box)

at sunset, which remains

primarily absent during the

day (b)

Fig. 6 Still images of a whale shark vigorously ram surface filter

feeding on a swarm of tropical krill, (Pseudeuphausia latifrons) just

prior to sunset north east of Ningaloo Reef near the Murion Islands

(21�35.285S, 114�16.771E). a, b and c showing the typical posture

of ram surface filter-feeding sharks. d Note the dense swarm of

P. latifrons visible in front of the sharks’ mouth. � Brad Norman
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percentile of activity values to qualify as putative feeding

behaviour, given that the previous two categories were also

met. The total amount of time spent performing such

activity for all sharks tagged reached 77 min, with the most

amount of time performing the activity at sunset (33 min,

5.38 % of sunset), although some periods were noted

during the day (17 min, 0.34 % of the daytime) and at

night (27 min, 0.46 % of night time), resulting in a daily

estimated ram surface-feeding duration of 8.3 min.

Discussion

The continuous advances in the sensors available for ani-

mal tagging studies are opening the doors to investigations

into the physiology and behaviour of difficult to study

species. Acceleration data loggers are providing a new

means to understand both the behaviour and movement

energetics in wide range of vertebrates and are increasingly

used to infer the temporal changes in animal activity.

Although our datasets are short (8 whale sharks over a total

of 222 h) in comparison with those typically employed in

acoustic telemetry or satellite tagging yielding depth data,

the highly detailed behavioural information gathered from

the data loggers afford detailed insights into the movement

of whale sharks that are not attainable using other tech-

niques (Gleiss et al. 2009a; Whitney et al. 2010). For

marine animals, data on the depth distribution have his-

torically provided a sole estimate of temporal dynamics of

activity, with little means of investigating underlying

assumptions. Our data provide novel insights into the

behavioural ecology of whale sharks, while also high-

lighting some common issues related to inferring patterns

of activity from depth data alone.

Estimating activity: depth versus locomotory activity

Our data clearly demonstrate differing patterns in the

activity rhythms inferred from depth use patterns and those

from locomotor activity measured using accelerometers.

This is an important finding, considering that depth use

patterns are sometimes considered a proxy for the level of

activity in fish or as an indicator of rhythmicity in activity.

Although this approach may be warranted in benthic ani-

mals, where a strong dichotomy between active and inac-

tive exists (Wearmouth and Sims 2009), continuously

swimming animals prove more difficult. Whereas whale

sharks at Ningaloo displayed a moderate reverse DVM was

detected in this study (Fig. 3a), acceleration data confirmed

a clear crepuscular pattern in activity (Fig. 3c). The peaks

in activity around sunset were accompanied by posture data

indicative of feeding behaviour. This confirms that depth

selection may in some cases have limited applicability in

inferring activity in sharks, particularly planktivorous

species, such as whale sharks.

Diel changes in the function of vertical movement

A common difficulty in interpreting data on the vertical

movement of pelagic fish has been gathering evidence for

any of the many competing hypotheses that may provide

the reason for observed movements, which include

searching the water column, thermoregulation and efficient

locomotion (Carey and Scharold 1990; Klimley et al.

2002). The addition of further layers of data on the

movement and activity gives further means to infer the

function of the observed diving behaviour. Our data sug-

gest that in the case of whale sharks at Ningaloo, the

function of vertical movement likely changes on a diel

basis, as a result of changing environmental conditions

influencing the behaviour of the sharks’ prey.

At sunset, the apparent predictability of zooplankton

being available to whale sharks may be the reason for the

emergence of such predictable patterns in some of the

diving characteristics. The peak in vertical activity prior to

sunset is an indication of sharks anticipating the avail-

ability of their prey, triggering vertical search of the water

column. This is further exemplified by the periods pre-

ceding dusk activity being characterised by the greatest

ascent pitch angles, confirming that whale sharks were

indeed performing a vertical search of the water column

(Gleiss et al. 2011b), as opposed to the low ascent angles

typical of movement aimed at minimising the cost of

horizontal transport (Weihs 1973; Gleiss et al. 2011a),

which dominate night time. Rhythmicity in diving behav-

iour has previously been shown to correspond to the

behaviour of prey, which gives credit to the hypothesis that

sharks may have intimate knowledge where their prey is

likely to aggregate (Graham et al. 2006).

At night, continuous bounce dives that occur are char-

acteristic of straight movement paths (Gleiss et al.

Unpublished data). Straight movement paths would not be

characteristic of feeding behaviour where area-restricted

search would be expected (Sims and Quayle 1998; Pa-

pastamatiou and Lowe 2012; Papastamatiou et al. 2012),

suggesting that little feeding occurs at this time. We

hypothesise that this time is used to travel between patches

of productivity within the Reef system, such as the chan-

nels which have been shown to be characteristic of frontal

zones with associated high productivity (Wilson et al.

2002).

During the day, sharks spent *25 % of their time

swimming near the surface. An additional hypothesis that

has recently received support in influencing the diving

behaviour of whale sharks is thermoregulation (Thums

et al. 2012). The generally high temperatures in our study
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(24–26 �C), even at depth, are close to the point (25 �C) at

which whale sharks appear to cease diving for thermo-

regulatory purpose. However, this hypothesis should not be

discounted in explaining some of the surface swimming

behaviour, due to the potentially beneficial physiological

implications of greater temperatures.

Twilight foraging: a potential role of prey behaviour?

Nocturnal ascents into surface waters are a common

behaviour of zooplankton, which is thought to decrease the

risk of predation by visual predators and has been shown to

affect the foraging patterns of a wide range of species

(Hays 2003). Indeed, vertical migrations of planktonic prey

influence the vertical habitat selection of marine predators

(Croxall et al. 1985), including filter-feeding sharks (Sims

et al. 2005). For large filter feeders, density of prey is

pivotal in governing feeding success (Goldbogen et al.

2011) and, more importantly, whether to feed at all (Sims

1999). Considering the whale sharks at Ningaloo appear to

show only minor diel patterns in depth selection, yet pro-

nounced phases of ram surface filter feeding and high

activity at sunset, may suggest that temporal dynamics of

aggregation of the zooplankton prey represents the critical

factor in influencing the behaviour of whale sharks at

Ningaloo, rather than the vertical migration per se. Active

surface ram filter feeding is only thought to be utilised by

whale sharks when prey densities are highest—

87.0 9 103 ± 21.9 9 103 individual copepods m-3 com-

pared to 5.9 9 103 ±985 m-3 when passive feeding

(Nelson and Eckert 2007). The prevalence of ram surface

filter feeding at sunset would therefore suggest that dense

patches of potential prey are primarily available during

these times only.

Ningaloo: a foraging hotspot?

Compared to other seasonal aggregation sites, such as

Mexico or Belize (Graham et al. 2006; Motta et al. 2010),

whale sharks at Ningaloo Reef show little diel changes in

depth use (Gunn et al. 1999; Wilson et al. 2006b). Contrary

to Ningaloo, whale sharks in Mexico’s Quintana Roo

aggregation site show strong reverse DVM, with virtually

all of daytime spent in surface waters feeding near con-

tinuously (Motta et al. 2010) and similar patterns are also

observed at other aggregation sites (Heyman et al. 2001;

Rowat et al. 2007). Observations of active surface feeding

have remained scarce at Ningaloo, possibly as a result of

the primary feeding behaviour occurring at sunset and early

parts of the night, as supported by our direct observations

and those of Taylor (Taylor 2007). Although sharks at

Ningaloo spend less time in surface waters than those at

other sites (Rowat and Gore 2007; Motta et al. 2010),

daytime swimming in surface waters ranges from 10 to

40 %, indicating that swimming in surface waters does not

always equate to active feeding. In order to gain a deeper

understanding of the potential importance of this twilight

feeding behaviour, comparisons of estimated feeding

durations are warranted. Motta et al. (2010) estimated

whale sharks of similar size to devote 7.5 h day-1 to

feeding in Quintana Roo, Mexico. With the reasonable

assumption that sharks of the same size of the same species

and possibly population (Schmidt et al. 2009; Sequeira

et al. 2013) have a similar energy demand, we can estimate

the required prey density to achieve similar net energy

gain, based on our conservative estimates of foraging time

and the filtering volume of a feeding whale shark (Motta

et al. 2010). The daily ration of 14,931 kJ for a 4.2 m

whale shark (Motta et al. 2010) has to be met in the

putative time spent feeding (8.3 min in our case), resulting

in a required energy intake of 1799 kJ min-1. We can

calculate the required prey density based on the filtering

volume of 326 m3 h-1 (Motta et al. 2010) or

5.4 m3 min-1, yielding 331 kJ m-3 of required planktonic

prey. The only quantitative estimate of the density of krill

in high-density swarms is that of Wilson et al. (2001):

surface swarming of P. latifrons on which whale sharks

were feeding at Ningaloo were found in swarms of 77000

individual krill m-3. Assuming a mass of individual krill

with length of 9.59 mm of *0.009 g, based on the length–

weight relationship of the Euphausiacea (Mauchline 1967),

the biomass present in the krill swarm sampled by Wilson

et al. (2001) is *770 g m-3. Given no data exist for the

energy density of P. latifrons, we will assume the energy

density to be similar the zooplankton studied by Motta

et al. (2010) (i.e. 1.357 kJ/g), which is a conservative

assumption, seeing as euphausids generally have higher

energy density (e.g. 4.6 kJ/g in Euphausia superba).

Combining data of foraging time, filtering volume, krill

density and energy density result in a conservative estimate

of a daily ration of 47,121 kJ/day for Ningaloo sharks.

Although this value represents a crude estimate of the

bioenergetics of whale sharks feeding at Ningaloo, it

exemplifies that even though foraging time may be low,

putative energy gains from schooling krill can be so high

that energy intake may be 39 greater than in Mexico.

Indeed, Wilson et al. (2001) have previously hypothesised

that the aggregation of whale sharks at Ningaloo may be

linked to schooling behaviour of tropical krill, although no

conclusive evidence could be found to support this notion

in more detailed studies (Wilson et al. 2002, 2003), perhaps

as a result of the apparently sporadic nature of these

plankton aggregations. Although there remains the ques-

tion as to how common such dense aggregations are, the

potentially extraordinarily high foraging return supports

the hypothesis that Ningaloo is a profitable foraging
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location, even though the temporal dynamics of movement

and foraging time differs considerably from other loca-

tions, as a result of prey being primarily available to sharks

around sunset.

Conclusions

Our data show that the most important period of the day for

feeding whale sharks at Ningaloo was sunset with high

activity levels coupled with prolonged periods spent in

surface waters feeding. The active surface-feeding behav-

iour at this time closely resembles the behaviour of whale

sharks previously monitored at this site by direct obser-

vation (Taylor 2007), as well as our recent observations,

where sharks primarily fed on tropical krill. The potentially

high biomass present in krill swarms likely only requires

sharks to feed for several minutes per day rendering the

putative energy gain by whale sharks while aggregating at

Ningaloo equal to other sites where whale sharks are

observed to feed more frequently. This potentially high

energy intake may play an important role in the annual

aggregation of these animals along the coastline of NW

Western Australia. We also conclude that patterns in depth

use do not necessarily reflect rhythmicity of animal activity

and the simple dynamics of vertical migration are probably

not adequate to make inferences about foraging patterns of

pelagic animals, especially those that are planktivorous.

Data from additional sensors, such as the accelerometers in

this study, can provide much needed context for the

interpretation of movement patterns from free-swimming

fish.
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