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An understanding of the role that large marine predators play in structuring trophic flow

and nutrient cycling in marine ecosystems requires knowledge of their fine-scale (m-km)

movement behaviors. In this study, biologging tags were used to reveal new insights

into the three-dimensional fine-scale movement ecology of tiger sharks (Galeocerdo

cuvier) at Ningaloo Reef, Western Australia. Tags deployed on 21 sharks in April-May

2017 for durations of 5–48 h recorded both physical parameters such as depth and

temperature, and, through the use of accelerometers, gyroscopes and compasses,

in-situ measurements of animal trajectory and locomotion. Animal-borne-video enabled

the validation of behavioral signatures, mapping of habitat, and recording of interactions

with prey. Collectively, these data were used to examine the link between vertical

(oscillations) and horizontal (tortuosity) movements, and link sensor data to prey

interactions recorded by the video. This biologging approach revealed complex

movements that would otherwise be invisible within the time-depth records provided

by traditional tagging techniques. The rate of horizontal turning was not related

to vertical oscillations, suggesting that vertical movements occur independently of

searching behaviors in tiger sharks. These animals displayed tortuous movements

possibly associated with prey searching for 27% of their tracks, and interactions with prey

elicited varied responses including highly tortuous paths and burst movements. Accurate

speed measurements and GPS anchor points will considerably enhance the value of

magnetometer data in future studies by facilitating more accurate dead-reckoning and

geo-referencing of area-restricted search behaviors.

Keywords: vertical movement, behavior, tortuosity, top predator, predator-prey interaction

INTRODUCTION

The movement patterns of large predatory marine fishes such as tiger sharks (Galeocerdo cuvier)
have typically been sampled using acoustic telemetry and satellite tagging approaches (Andrews
et al., 2009; Papastamatiou et al., 2009, 2015; Barnett et al., 2010; Brunnschweiler et al., 2010;
Vaudo et al., 2014; Comfort and Weng, 2015; Heupel and Simpfendorfer, 2015). These studies
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generate either presence/absence data sets (acoustic telemetry),
or movement patterns of animals over large horizontal spatial
scales (satellite tagging, 10–1,000s km). Although such studies
continue to transform our understanding of the ecology and
biology of these animals (Chapman et al., 2015), they have two
major shortcomings. First, they provide limited opportunities
to identify and categorize behavioral modes at the fine spatial
scales (m–km) relevant to predator-prey and other inter and
intraspecific interactions (competition, cannibalism etc.; Gleiss
et al., 2009a). Second, the time-depth records that are usually
recorded by these techniques offer only coarse resolution of the
patterns of vertical movements of these predators through the
water column (Ryan et al., 2004). Given that the behavior of large
marine predators is thought to have a major role in structuring
trophic flows and nutrient cycling within marine ecosystems
(Heithaus et al., 2008; Lavery et al., 2010), it is imperative that
we link their large-scalemovement patterns with their day-to-day
behaviors within the environment.

Biologging approaches offer a means to achieve this aim.
Tags such as the Daily Diary (Wilson et al., 2008) incorporate a
range of sensors including accelerometers and physical sensors,
and can be used to characterize fundamental aspects of the
behavior of individuals through quantitative measurement of
body kinematics. The combination of these sensors can therefore
record detailed movements of a target species as well as the
environmental context in which they occur. First used on
Adélie penguins in the late 1990s (Yoda et al., 1999), tri-axial
accelerometers are often incorporated into biologging devices,
and have allowed researchers to categorize the behaviors of
sharks, including swimming, bursting, resting, and mating,
and have also been used to quantify activity patterns and the
swimming energetics of vertical movements (Whitney et al.,
2010, 2012, 2018; Gleiss et al., 2011; Meekan et al., 2015).
However, to link these fine-scale behaviors to larger-scale
movements, we need to understand how they relate to an
animal’s path through the environment. Accelerometers do
not provide information on animal heading, limiting most
analysis of behaviors to a two-dimensional plane. Furthermore,
the direct observation and consequent validation of behaviors
recorded by these sensors is almost impossible for a number
of large species of shark due to their high mobility and cryptic
nature. The recent addition of magnetometers and animal-
borne cameras to biologging tags overcomes these issues. When
used in tandem with accelerometers and pressure sensors, tri-
axial magnetometers enable the reconstruction of movements
in three dimensions through the process of dead-reckoning
(Wilson et al., 2008; Walker et al., 2015; Williams et al., 2017).
Animal-borne cameras add the ability to validate classifications
of behavioral signatures recorded by tri-axial sensors (Davis et al.,
1999; Heithaus et al., 2001; Narazaki et al., 2013) and enable
interactions with prey to be recorded (Heithaus et al., 2002a;
Nakamura et al., 2015; Papastamatiou et al., 2018a).

Here, we use a biologging approach to examine the fine-
scale movement and behavior of tiger sharks at Ningaloo Reef,
Western Australia. Tiger sharks are a partial migrator, where
some individuals remain resident in coastal areas for long
periods of time and others undertake long distance movements

(Papastamatiou et al., 2013; Ferreira et al., 2015; Acuña-Marrero
et al., 2017). Previous studies have revealed that this species
continuously oscillates through the water column, presumably to
search for benthic prey on descent, and silhouetted air-breathing
prey on ascent (Heithaus et al., 2002a; Nakamura et al., 2011).

In this study, we explore the extent to which multiple
sensors in biologging tags reveal new insights into the fine-scale
movement ecology of tiger sharks. Our tags combined video,
environmental sensors, tri-axial accelerometers, magnetometers,
and gyroscopes, allowing us to classify behavioral signatures
in vertical movements, validated by the video, and reconstruct
three-dimensional paths of these animals while concurrently
recording the environmental context in which they occurred.
This allowed us to (1) examine the relationship between
vertical and horizontal movements, and (2) link sensor data,
including tailbeats, burst acceleration and tortuosity, to prey
interactions recorded on video, collectively identifying likely
prey-searching behaviors.

MATERIALS AND METHODS

Data Collection
Tiger sharks were captured using baited drumlines inside the
reef lagoon at Ningaloo, Western Australia (22.99◦S, 113.8◦E,
Figure 1A) in April-May 2017. Drumlines were equipped with
a single 20/0 circle hook baited with fish scraps. Three drumlines
were deployed∼100m apart between 07:00 and 16:00, with lines
checked every hour for captures. Once a shark was caught, it
was secured alongside a 5.8m vessel with the leader and a tail
rope. Each shark was measured (pre-caudal length, fork length,
total length and maximum girth) and its sex recorded, before
a biologging tag was clamped to the base of its dorsal fin (see
below). The dorsal fin of each shark was also photographed before
and after tagging for identification purposes and to assess any
potential tag effects.

A combination of CATS Diary tags (Customized Animal
Tracking Solutions, Australia) and CATS Cam tags were
deployed on tiger sharks (Figure 1). Both were equipped with tri-
axial accelerometers, magnetometers, and gyroscopes, and depth,
temperature and light sensors. The Cam tag additionally housed a
HD video camera. Though speed sensors were also present in the
Diary tags, they were not functional. The sensors continuously
recorded all parameters at 20Hz, and video was recorded at
pre-programmed hours of the day for a maximum of 6 h per
deployment due to memory limitations. In order to attach the
tags to the dorsal fins of the sharks, CATS tags were joined to
a stainless steel spring clamp (CATS, Australia) via docking pin
and a corrodible galvanic timed release (GTR, Ocean Appliances,
Australia). Previous work has shown that these clamps allow
tags to remain rigidly attached to dorsal fins of large sharks for
up to 93 h (Gleiss et al., 2009b; Chapple et al., 2015), and the
GTR models used were designed to dissolve in seawater after 7–
48 h (Table 1). Once the GTR dissolved, the tag released from
the clamp, allowing the tag to float to the surface. Floating tag
packages were tracked down using a hand-held VHF receiver
operated from a vessel (Lear and Whitney, 2016). A magnesium
sleeve on the clamp itself also dissolved after ∼7 days, so that
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FIGURE 1 | Tagged tiger sharks at Ningaloo Reef. (A) Location of tag deployments and recovery. Eight tags were recovered outside of the bounds of this map to the

west and north. (B) Tiger shark post-release. Photo courtesy of Alex Kydd. (C) CATS Cam tag clamped to the dorsal fin. (D) CATS Diary tag clamped to the dorsal fin.

the clamp detached, leaving no tagging equipment attached to
the shark.

Data Processing and Analysis
Depth Record
Zero offset corrections were applied to the depth trace based on
periods where sharks were being tagged and known to be at the
surface. The depth record was then split into vertical swimming
phases (“ascending,” “descending” and “level swimming”) using
vertical velocity (VV). To do this, the depth trace was firstly
smoothed using a 10 s running mean and the average VV
was calculated by taking the difference of this smoothed depth
between successive points at 1 s intervals. Ascents and descents
were defined where VV exceeded an absolute value of 0.05 m/s
for more than 10 s, and level where this value was not exceeded
(Whitney et al., 2016).

Tri-axial Sensor Data
Data recorded by the accelerometer (acceleration) and gyroscope
(angular velocity) were analyzed using Igor Pro ver. 7.0.4.1
(Wavemetrics, Inc. Lake Oswego, USA) and Ethographer
(Sakamoto et al., 2009). The gravitational component of
acceleration (static acceleration) was determined using a 3 s box
smoothing window on the raw acceleration data (Shepard et al.,

2008). Pitch angles were derived by calculating the arcsine of
the static acceleration in the surging (posterior-anterior) axis. To
correct for the tag attachment angle on each individual shark,
we determined the pitch when the shark was swimming at a
constant depth (when VV was equal to zero), and subtracted this
value from all pitch estimates (Kawatsu et al., 2009). The dynamic
component of acceleration was calculated by subtracting the
gravitational component from the raw acceleration for each axis.
ODBA (overall dynamic body acceleration) was calculated by
summing the absolute value of dynamic acceleration from all
three axes (Wilson et al., 2006). Comparing ODBA with video
recorded burst events allowed us to classify bursts as events where
ODBA >0.2. We used a continuous wavelet transformation
on the dynamic component of sway (lateral) axis to calculate
the acceleration signal amplitude and frequency of tailbeats
(Sakamoto et al., 2009). Using these same methods, angular
velocity signal amplitude and frequency were calculated using the
angular velocity data, and the resulting signals were compared
with those derived from the acceleration data to determine the
best measure of tailbeat frequency.

Recovery Period
We used metrics quantifying tailbeat activity calculated from
tri-axial sensor data to estimate the duration of recovery from
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stress of capture following the methods of Whitney et al. (2016).
This study found that immediately after release, the tailbeats of
blacktip sharks Carcharhinus limbatus were elevated, and would
slowly decline in frequency over the course of an individual’s
recovery (mean recovery time of ∼10.5 h). Briefly, to calculate
this period for tiger sharks, tailbeat cycle (the inverse of tailbeat
frequency) throughout descent was summarized for 15min
windows, and plotted against time post-release. A recovery
period was defined as the time it took for this metric to reach 80%
of its asymptote (Whitney et al., 2016). This was calculated for all
tiger sharks, with the exception of two individuals that had tag
deployment durations of <5 h. The overall mean recovery period
was then eliminated from the tri-axial sensor data prior to further
analyses to remove potential sublethal and unnatural behaviors
resulting from stress of capture by drumlines.

Shark Heading and Pseudo-Track Calculation
Acceleration and magnetometer data were used to calculate head
yaw angle (hereafter referred to as “heading”) and pseudo-tracks
in the software Framework 4 (Walker et al., 2015). Heading
calculations required input of orientation of the sensors in the
tags, and magnetometer and acceleration data. The orientation
of the device was corrected using orientation specifications
provided by CATS (N. Liebsch pers. comm). The coordinate
systems of the accelerometer and magnetometer were perfectly
aligned and consequently no adjustment was required to align
these sensors. Pitch and roll calculated from the accelerometer
data were used to correct for tilt (Walker et al., 2015). In addition
to the calculations applied by Framework 4, we applied a 3 s box
smoothing window to the heading data to filter out the dynamic
movements of the sharks caused by tailbeats.

Dead-reckoning with the heading data was used to calculate
horizontal movement tracks for each shark as described in
Andrzejaczek et al. (2018). As no speed estimates were available,
a constant speed was assumed for all tracks. In addition, no GPS
positions were available to anchor each track and to account
for cumulative errors derived from both unrepresentative speed
estimates and the effect of ocean currents (Wilson et al., 2007;
Walker et al., 2015; Andrzejaczek et al., 2018). For these reasons,
tracks were used only for plotting short-term movements of the
sharks in two- and three-dimensional space, and are subsequently
referred to as “pseudo-tracks” for the remainder of the text
given they could not be used to accurately estimate animal
positions. Heading data were also used to calculate the turning
angles of individuals. Data were resampled to a 1 s frequency
and converted to a 0–360◦ scale. The minimum difference in
angle between consecutive observations was used to determine
turning angle.

Window Size and Statistics
The time window used for analysis was selected by determining
the window for which the highest variance in turning angle was
observed, while being of sufficient width to capture the longest
dives in their entirety. This time window was estimated to be
15min, and within this period, a number of vertical movement
parameters were summarized including mean (± standard
deviation) and maximum depth, ascent pitch, descent pitch,

ascent VV and descent VV. The percent of time spent moving
vertically (ascending and descending), termed the “diving ratio,”
was also calculated for each window as per:

Diving Ratio =
Time vertically moving in window

Total time in sampling window

This parameter allowed us to differentiate between sampling
windows when vertical movements consisted of either
continuous oscillations through the water column (diving
ratio close to or equal to one), or extended periods of level
swimming (diving ratio close to or equal to zero) (Andrzejaczek
et al., 2018). In addition, heading was used to estimate path
tortuosity and direction. Firstly, turning angles were summed
for each window to obtain an estimate of tortuosity. Secondly,
the Circular package in R 3.4.0 (R Core Team, 2017) was used
to calculate the mean resultant length, or R, of the heading, a
measure of the concentration of unimodal circular data (Pewsey
et al., 2013). When R is close to or equal to one, points are closely
clustered around the mean direction and are highly directional,
and as R approaches zero, points spread more evenly in a circle,
indicative of a tortuous path.

Video Analysis
Video recorded by the tags was analyzed in BORIS (Behavioral
Observation Research Interactive Software; Friard and Gamba,
2016). This open-source software allows the user to set an
ethogram and record the timing of behavioral events. We set
an ethogram to mark the occurrence of prey interactions, shark
responses to the presence of prey, burst swimming events,
presence of seabed in the field of view, habitat type, and other
notable behaviors (Supplementary Table 1). Video was also used
to validate parameters recorded and calculated from the Diary
data, such as tailbeat frequency, bursts, and glides.

Movement Classification
Hierarchical cluster analysis was used to categorize both vertical
movements and path tortuosity for each analysis window.
Vertical movements were classified using mean ascent and
descent pitch and diving ratio, and the path tortuosity using
the sum of the turning angles and R. These variables were
scaled using the scale function in R and a cluster analysis was
applied using the hclust function, based on a dissimilarity matrix
produced from Euclidean distances and complete linkage as
the agglomeration method. We chose the number of clusters
by looking at the gradient of reduction in within groups sum
of squares with additional number of clusters added. Groups
resulting from the clustering of vertical movements were labeled
as “V-groups” and from the clustering of path tortuosity as
“T-groups.” The resulting V-groups were compared through
qualitative analysis and correlation coefficients with T-groups to
investigate if more tortuous movements were related to more
oscillatory movements. Where movements were qualitatively
identified to be tortuous, available behavioral records from
concurrent videos were examined.
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FIGURE 2 | Comparison of dominant vertical movement clusters (V-groups) and path tortuosity clusters (T-groups) from hierarchical cluster analysis. (A) 15min depth

profiles representative of V-groups 1, 4, and 8, demonstrating the increase in oscillatory movements with V-group. (B) 5–15min pseudo-tracks representative of each

T-group, demonstrating the increase in tortuosity with T-group. Each pseudo-plot is displayed in approximately the same amount of area, resulting in directional tracks

moving outside of the given area after 5min. As constant speed was used to estimate pseudo-tracks, we caution that speed changes throughout these windows by

tagged sharks may slightly influence the shape of resulting pseudo-tracks. Polar plot on bottom right of each track displays example of heading variance for each

group over the entire 15min window. (C) The % windows found in each cluster. (D) The % T-group composition of each dominant V-group. Colors are T-groups

from (B).

Generalized Linear Mixed Models
To further investigate relationships between oscillatory and
tortuous movements, generalized linear mixed models (GLMMs)
were built in R using the nlme package (Pinheiro et al., 2017).
Diving ratio was set as the response variable, R and sum of
turning angles were sequentially set as explanatory variables (due
to correlation >0.6 between these variables), and tiger shark
identity was set as a random variable. Diving ratio was logit
transformed prior to analysis. We used the corAR1 function to
account for temporal auto-correlation in our datasets (Zuur et al.,
2009). The resulting models were compared with null models
using Akaike’s information criterion (AIC).

RESULTS

A total of 22 tiger sharks ranging in length from 2.65 to 3.80m
TL were caught and tagged (14 Cam tag and 8 Daily Diary tag
deployments) (Table 1). Tags were attached for a mean duration
of 15 h (range 4.5–48 h) and recorded ∼410 h of Diary data and
50 h of video footage. OneDiary tag failed to record any data. One

shark was recaptured after 11 days and was re-tagged (TS17 and
TS24 in Table 1). Based on the analysis of tailbeats, we calculated
amean recovery period from capture and tagging by the sharks of
4 h and for this reason, the first 4 h of each dataset were excluded
from further analysis (Supplementary Figure 1). Evidence for
recovery after this time was also provided by the video records,
which showed investigations of potential prey and consumption
of a discarded fish head by sharks within 2 h of tagging and release
(Supplementary Video). The angular velocity data produced
the clearest tailbeat signal and was therefore used for further
data exploration.

Vertical Movements
The seabed was observed in videos at least every 15min in all
but 14 (∼2%) sampling windows where the water visibility was
very poor, or in one case, during a period of extended surface
swimming by a shark while offshore. As a result, we assumed
that vertical oscillations were depth-limited and could be used to
map the approximate depth of the seabed throughout the tracks
(Supplementary Figure 2). Tagged tiger sharks swam at a mean
depth of 11.6 ± 17.5m, predominately remaining in inshore
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FIGURE 3 | Tiger shark and loggerhead turtle interaction. (A) One-hour long pseudo-track from TS15. Red square denotes 35min area of prey interaction displayed

in (B,C). (B) Depth track. (C) 3D track. (D) Screenshots from video of the interaction. 1 and 2 refer to where interaction takes place in depth and 3D tracks. See

Supplementary Video 1 for full video of interaction.

habitats, with four tiger sharks moving into offshore habitats and
diving to a maximum depth of 94m. Video analysis showed tiger
sharks transiting a variety of habitats, including sand, macroalgal
reefs, coral reef, bare reef, pelagic, and edge habitats (Bancroft,
2003) (Supplementary Video 1).

The cluster analysis revealed six vertical-groupings (V-
groups) as the dominant vertical movement modes, with an
additional six V-groups describing <8% of the data (Figure 2,
Supplementary Table 2). Diving ratio increased from 0.5± 0.8%
in V-group 1 to 80 ± 6% in Group 6. Groups 4, 5 and 6
were characterized by mean diving ratio and/or mean pitch
that were greater than overall mean values, and examination of
tracks associated with these groups demonstrated that they were
associated with a higher frequency of oscillations throughout the
water column. Offshore periods were only clustered into these
three V-groups, whereas all modes of vertical movement were
displayed by inshore sharks.

Horizontal Path Tortuosity and Prey
Interactions
The classification of path tortuosity generated seven tortuosity-
groups (T-groups) (Figure 2, Supplementary Table 3).
Movements increased in tortuosity from T-groups 1–7,
ranging from highly directional with low turning to almost
uniform distributions of direction with high levels of turning. A
total of 72.6% of windows were classified in T-groups 1–3 where
movements were subjectively categorized as more directional
and the remaining 27.4% in T-groups 4–7 were categorized as

more tortuous. All T-groups were present in both inshore and
offshore habitats.

Video data were available for 21 of the windows assessed to
have more tortuous paths (T-groups 4–7). Tiger sharks were
located on the shallow sandflats (<3m in depth) for almost half
of these windows (43%). Six tortuous windows were associated
with investigations of turtles. For example, TS15 was tracking
through coral reef habitat when a loggerhead turtle (Caretta
caretta) was sighted on the far right of the field of view (Figure 3,
Supplementary Video 1). After this first observation, the shark
turned sharply and the turtle was again spotted in mid-water,
tightly turning away from the shark with its shell perpendicular to
the shark. The shark then approached the surface and descended
before circling the same area of coral reef for 25min, remaining
on the seabed and following the structure of the reef (Figure 3,
Supplementary Video 1). The turtle was not observed again in
the field of view for the remainder of this 25 min period.

A number of other interactions with prey were recorded on
the cameras (Supplementary Table 4), however none of these
involved successful foraging on live prey. Most interactions
(92%) occurred when sharks were level swimming with the
seabed in the field of view of the camera and included
investigations and possible stalking of several lutjanid fish
(Symphorus nematophorus), in at least one case prompting a
rapid color change, 17 interactions with turtles, in at least four
cases eliciting tight turning and shell up responses from turtles,
and potential investigations of a tawny nurse shark (Nebrius
ferrugineus) and another tiger shark (Supplementary Table 4
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FIGURE 4 | One minute pseudo-tracks of tiger shark interactions with Chinamanfish (Symphorus nematophorus). Track line is colored by tailbeat frequency (Hz). Red

dashed square indicates where the fish was observed in the video field of view (displayed in screenshots to the right of the pseudo-track). X and Y-axes represent

arbitrary units of latitude and longitude created by magnetometer and accelerometer data whilst a constant speed is assumed. (A) Example of an interaction where

the tailbeat of the shark slows upon encountering the fish. (B) Example of an interaction where the tailbeat of the shark quickens upon encountering the fish. As

constant speed was used to estimate pseudo-tracks, we caution that speed changes throughout the sampling period by tagged sharks may slightly influence the

shape of resulting pseudo-tracks.

and Video 1). Several investigations of prey were immediately
preceded by burst, stalking and/or turning behaviors (Figure 4).
Sharks did not pursue vigilant or fleeing prey, and no bursts were
observed in the direction of prey when prey were in the field
of view.

No extended periods of bursting that may be indicative of
headshaking behavior (bursts >2 s in length; Brewster et al.,
2018) were observed in any part of the dataset. Burst behavior
was highly variable with a mean 3 ± 15 bursts occurring
in a 15min window. Highly tortuous windows (T-groups 6
and 7) were associated with higher than average bursts (e.g.,
Figure 5), however further analysis of bursting was confounded
by artificially high ODBA levels when swimming at the surface
due to the effects of chop.

Oscillations and Tortuosity
There were no strong correlations between the diving ratio
and tortuosity variables (R and the sum of turning angles; all
r < 0.3), and almost all vertical movements displayed all levels of
tortuosity. For example, highly oscillatory movements classified

in V-group 8 were classified in both T-group 1, with directional
swimming, and in T-group 6, wheremovements were determined
to be highly tortuous (Figure 6). Conversely, windows containing
entirely level swimming in V-group 1 were also classified in both
T-groups 1 and 6. In addition, generalized linear mixed models
revealed no relationships between diving ratio and variables
describing tortuosity (R and sum of turning angles, Table 2).

DISCUSSION

Our study shows how amulti-sensor biologging approachmay be
used to investigate foraging behavior of sharks as large, top-order
predators. This information is essential if we are to understand
the keystone role that these animals are thought to play in
marine ecosystems.

Foraging Behavior and Tortuosity
We found evidence of foraging behavior based on path tortuosity
and video recorded encounters with potential prey. Tiger sharks
displayed tortuous horizontal paths for an estimated 27% of
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FIGURE 5 | Fifteen minute pseudo-track throughout a tortuous window in

TS20. Track is colored by bursts (Overall Dyamic Body Acceleration >0.2) and

takes place at ∼21:30 in water ∼2m in depth. As constant speed was used to

estimate pseudo-tracks, we caution that speed changes throughout these

windows by tagged sharks may slightly influence the shape of resulting

pseudo-tracks.

their tracks. As straight-line directional movement has been
calculated to be the most energetically efficient form of travel
(Wilson et al., 2013), the initiation of tortuous movements should
provide some form of benefit to offset the energetic costs of
turning. Tortuous movements have been linked with searching
behavior and increased foraging success in manymarine animals,
including sharks, and are thought to indicate area-restricted
searching (Austin et al., 2006; Papastamatiou et al., 2009, 2012;
Towner et al., 2016; Adachi et al., 2017). For this reason, we argue
that the tortuous tracks we recorded represented prey searching,
despite the fact that we did not witness any consumption of prey.
It should also be noted that the direct observation of natural
predation events by marine predators tends to be very rare
(Pitman et al., 2014; Papastamatiou et al., 2018a), particularly for
ectothermic shark species that are likely to feed less frequently
compared to marine mammals and seabirds (Papastamatiou
et al., 2018a). Given that video recordings were limited to a
maximum of six daylight hours per tag due to data storage and
lighting constraints, it is perhaps not surprising that we did not
record any predation events involving live prey. Alternatively,
tiger sharks may forage less frequently than other, smaller, shark
species. Mass specific metabolic rate will decline with increasing
shark size (Sims, 2000), and as a result, a larger tiger shark would
theoretically need to eat fewer items of larger prey. Animal-borne
camera tags deployed on two gray reef sharks (Carcharhinus
amblyrhynchos; <1.6m total length), for example, recorded nine
foraging attempts across just 22 h of footage (Papastamatiou
et al., 2018b). Longer recording durations of camera tags would
enable foraging attempts in larger shark species, including tiger
sharks, to be recorded and for associated acceleration signals to
be validated. Collectively, this will facilitate further comparisons
of foraging rates among ectothermic shark species.

In addition, previous observations of foraging behavior
suggest that tiger sharks have a preference for weakened and/or
injured prey and rarely predate on vigilant animals (Heithaus
et al., 2002a; Hammerschlag et al., 2016). In several cases
prey investigations were followed by either escape maneuvers
performed by turtles, or color displays from demersal fish, all
of which culminated with the shark continuing on its course
without attempting to predate on the alert individual. It is also
possible that some of these foraging behaviors may not have
been focused on the potential prey species that were seen in
the video, particularly in the case of benthic fishes. Facultative
scavenging is an important feature of the behavior of tiger sharks
(Clua et al., 2013; Hammerschlag et al., 2016) and in some cases
sharks may have been drawn to approach mesopredatory benthic
fishes simply by the potential opportunity to scavenge food,
i.e., kleptoparasitism. This might explain why burst acceleration
occurred only sporadically during prey investigations (Figure 4).

Video data showed that tortuous movements were often
associated with shallow sandflat habitats, a location where tiger
sharks at Ningaloo Reef have frequently been observed hunting
prey by ecotourism operators (pers. comm. Frazer McGregor,
Supplementary Figure 3). It is possible that tiger sharks may
be showing a pattern of area-restricted search after detecting
potential prey, either to investigate this prey source or due to
the high probability of encountering other prey items nearby
(Weimerskirch et al., 2007), or when entering areas linked to high
foraging success based on past learning experiences (Adachi et al.,
2017). Similar patterns in exploratory foraging have been found
in the movements of lions (Panthera leo), where GPS-collared
individuals exhibited more tortuous and slower movements
when in the vicinity of waterholes, a pattern that suggested
area-restricted searching in an area with potentially higher prey
density (Valeix et al., 2010). In our study, sandflats may be
preferred habitats for foraging by tiger sharks because prey here
have less room to perform evasive maneuvers and to escape
(Heithaus et al., 2002b), increasing the efficiency of hunting.

Three-Dimensional Movements
Fine-scale movement behaviors were invisible in the time-
depth record. A comparison of vertical and horizontal tracks
of tagged tiger sharks found no relationship between vertical
movements and path tortuosity, and some tracks with the same
time-depth record displayed very different horizontal paths.
Level or oscillatory swimming occurred while sharks displayed
either directional or tortuous swimming, suggesting that vertical
movements may not change significantly when tiger sharks
undergo area-restricted search behaviors. This pattern contrasts
to that observed in sandbar sharks (Carcharhinus plumbeus),
where tortuous movements were associated with extended
periods of level swimming on the seabed and therefore lower
diving ratios (Andrzejaczek et al., 2018). Dietary preferences
may be responsible for the differences in fine-scale movement
patterns between these two species. Sandbar sharks feed primarily
on demersal prey (McElroy et al., 2006), while tiger sharks are
facultative scavengers with a preference for both air-breathing
and benthic prey (Simpfendorfer et al., 2001; Hammerschlag
et al., 2016). This suggests that the vertical distribution of the
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FIGURE 6 | Two tiger sharks (i and ii) with very similar oscillatory depth tracks but different horizontal tracks in offshore environments over a 2.5 h period. (A) Depth

track. (B) Pseudo-track. (C) 3D track. Each pseudo-plot and 3D track is displayed in approximately the same amount of horizontal area. As constant speed was used

to estimate pseudo-tracks, we caution that speed changes by tagged sharks may slightly influence the shape of resulting pseudo-tracks.

TABLE 2 | Results of generalized linear mixed models testing the relationship

between diving ratio and indicators of horizontal path tortuosity.

Inshore model DF AIC R2m R2c

Diving Ratio ∼ R 865 2,340 0.001 0.51

Diving Ratio ∼ 1 866 2,339 0 0.51

Diving Ratio ∼ Sum of turning angles 865 2,361 0.0002 0.51

Diving Ratio ∼ 1 866 2,339 0 0.51

Diving ratio was logit transformed prior to analysis. All models were compared with null

models using Akaike’s Information Criterion (AIC) and conditional (R2c) andmarginal (R2m)

R2 values. All models were run using the nlme package in Rwith shark identity as a random

variable. All null models include the random effect.

preferred prey of these predators may influence their three-
dimensional search patterns. Inter-specific differences in foraging
strategy may also drive differences in fine-scale movement
behaviors, however, further data is required for evaluation of
this hypothesis.

The majority of interactions with potential prey occurred
when tiger sharks were level-swimming (92%), with several of
these events taking place during tortuous paths. Oscillatory
behavior was often observed prior to prey investigation events.

These combined behaviors suggest that tiger sharks may have
been attempting to increase their likelihood of encountering
visual or olfactory cues through the water column (Carey
et al., 1990; Klimley et al., 2002; Nakamura et al., 2011), and
once triggered, began tortuous paths in conjunction with level
swimming in order to locate prey and remain in a potentially
profitable area. For example, one shark encountered a loggerhead
turtle on a small coral reef and then circled the same area
for 25min, despite the prey item not being re-encountered on
video (Figure 3). These changes in behaviors indicate that future
studies should investigate how both fine-scale horizontal and
vertical movements vary before and after prey are encountered
in order to better understand search strategies in sharks. The
variance in behaviors observed in similar depth profiles also
highlights the need for a combination of high-resolution tri-axial
movement, video, and depth sensors to quantify the behavior of
these animals, as time-depth records alone would be insufficient
to distinguish prey searching and fine-scale habitat use. A similar
conclusion was reached by Davis et al. (2003), who used high-
resolution three-dimensional movement data and animal-borne
video to classify dive types of Weddell seals (Leptonychotes
weddellii). These additional data streams facilitated accurate
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classification of dive functionality (i.e., foraging or exploring) in
comparison to previous studies that had only used time-depth
recorders to classify dives (Davis et al., 2003).

Challenges and Future Considerations
Although biologging approaches provide a wealth of new
information, there are many challenges in processing, analyzing,
visualizing and interpreting the large amount of data recorded
by these tags (Whitney et al., 2018). Manipulation of the
datasets can require access to large computers and proficiency
in multiple types of specialist software, and challenges also arise
in visualizing the data to display biologically relevant patterns
within very complex data sets. Here, many of the different
data streams were shown to be important in understanding
the fine-scale movement behavior of tiger sharks. Pseudo-tracks
and three-dimensional plots presented a relatively simple means
to visualize the data, and both heading and tailbeat kinematic
data were demonstrated to be useful in describing interactions
with prey. This multi-faceted approach is likely to be of use
for investigating and comparing these behaviors among other
species of marine animals, where differences in foraging ecology
may drive differences in prey searching behaviors and therefore
three-dimensional movement patterns.

Despite our biologging approach revealing detailed insights
into movements and behaviors of tiger sharks, interpretation of
data sets was hampered by several issues. Firstly, the field of view
of the camera often limited our interpretation of behaviors, and
was not likely to record all interactions of sharks with prey. A
wider field of view, or optimally cameras capable of filming across
360◦ may enable further behavioral insights. Secondly, storage
and battery constraints and the need to recover the tags in order
to download archived data sets constrained tag deployments to
relatively short periods (a few days at most). Delaying video
activation until after predicted recovery periods for sharks could
assist in extending tag recording time. However, there is no
current solution to the need to recover the tags, which makes it
difficult to place the fine-scale movement patterns we described
into a long-term context. Lastly, accurate speed measurements
and GPS anchor points would considerably increase the value
of the magnetometer data in allowing us to calculate more
accurate fine-scale habitat preferences in both space and time
(Walker et al., 2015). Such data would enable a shift from
the more qualitative interpretation of three-dimensional fine-
scale habitat use reported here, to quantitative analyses such
as spherical first passage time (Bailleul et al., 2010), which
would allow for an objective classification of area-restricted
search behavior. Accurate measurements of spatial scale will
also reveal how sharks adjust their movement paths according
to distributions of food resources and environmental factors
(Fritz et al., 2003), further enabling identification of drivers of
movement patterns.

Conclusion
Our study demonstrates the utility of multi-sensor biologging
tags in classifying the fine-scale movements and behaviors
of a keystone marine predator. Our results showed that

recording movement in two-dimensions alone, as is the case
with traditional time-depth recorders, is not sufficient in
distinguishing among fine-scale behavioral modes. Data obtained
from the combination of magnetometers, accelerometers, and
video effectively described predator-prey interactions and habitat
use, providing important information that will enable a greater
understanding of the role these predators play in coral
reef ecosystems.
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