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INTRODUCTION

Time-depth recorders and pressure-sensitive trans-
mitters have shown that many pelagic fishes, including
tunas and sharks, conduct repetitive, oscillating verti-
cal movements commonly referred to as ‘yo-yo’ dives
(Block et al. 2001, Carey & Scharold 1990, Holland et
al. 1992). Theories postulated to explain this wide-
spread behavior include behavioral thermoregulation,
navigation using magnetoreception, energy conserva-
tion, and foraging (Carey & Scharold 1990, Holland et
al. 1990, 1992, Klimley et al. 2002). These functions are
not mutually exclusive, and their relative importance
may differ both inter- and intra-specifically. Neverthe-
less, some functions of yo-yo diving in pelagic fishes
might be generally more important than others. 

Previous studies examining the possible function of
the vertical movements were based solely on swim-

ming depth data, which precludes us from further nar-
rowing the possibilities. Weihs (1973) predicted that
negatively buoyant fishes, such as tuna and sharks,
could theoretically reduce the energetic cost of travel
by nearly 50% by alternating between powerless glid-
ing during descent and active swimming during
ascent. Based on swimming depth profiles, Holland et
al. (1990) suggested that tuna save energy through
vertical movements, whereas Carey & Scharold (1990)
concluded that vertical movements in pelagic sharks
are unrelated to energy saving. To verify the energy
conservation hypothesis, it is necessary to further
quantify detailed swimming behavior (viz. tailbeat
activity and pitch angle). A recent study using an ani-
mal-borne video camera (Heithaus et al. 2002) showed
that tiger sharks do not glide during descent, but this
study was conducted in very shallow water (<15 m),
precluding the possibility of large vertical movements
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shown by this species in pelagic environments (Hol-
land et al. 1999). Furthermore, forward-facing video
cameras do not permit a detailed analysis of swimming
behavior. Fortunately, recently developed accelerome-
ters allow very fine-scale measurement of animal body
movements (Yoda et al. 2001).

Vertical movements by pelagic fishes might also be
primarily related to foraging. For example, Sims et al.
(2008) showed that the frequency distribution of verti-
cal movements by pelagic predators agrees with the
theoretical optimum for locating patchily distributed
prey. However, until recently, it has proven extremely
difficult to empirically quantify foraging in pelagic
fishes. Fortunately the development of animal-borne
image recorders has provided useful new tools for ob-
taining visual information about foraging behaviors
(Marshall 1998, Heithaus et al. 2001, 2002, Watanabe et
al. 2003, 2004). The combination of animal-borne image
recorders with accelerometers offers a promising new
method for evaluating the possible relationship be-
tween vertical movements and foraging behavior.

The tiger shark Galeocerdo cuvier is a large (up to
5.5 m total length), wide-ranging obligate swimmer
with a broad diet (Lowe et al. 1996, Holland et al. 1999,
Meyer et al. 2009), and previous studies have revealed
that this species exhibits yo-yo diving behavior (Hol-
land et al. 1999, Heithaus et al. 2002). In the present
study, we deployed accelerometers and digital still
cameras on tiger sharks to quantify their fine-scale
swimming behavior and to determine whether forag-
ing occurred during vertical movements. Our goal was
to ascertain whether yo-yo diving in tiger sharks most
closely resembled theoretical energy-saving or effec-
tive prey search strategies.

MATERIALS AND METHODS

Deployment of instruments.  Tiger sharks were cap-
tured using demersal long-lines set off the west coast
of Hawaii Island (19.70° N, 156.00° W). Lines baited
with fish scraps were set over night in water depths
of 30 to 60 m and were retrieved the next morning

(see Holland et al. 1999 for additional details of long-
line fishing methods). Captured sharks were brought
alongside a 6 m boat, where they were tail-roped,
inverted to induce tonic immobility and measured.
Measurements taken were total length (TL), pre-
caudal length and maximum girth (Table 1).

To quantify swimming performance and behavior,
we used an accelerometer package that recorded
swimming speed, depth, temperature (at 1 s intervals)
and tri-axial acceleration (at 1/32 s intervals, 32 Hz).
The accelerometer used was a W1000-PD3GT (22 mm
diameter, 123 mm length, 90 g in air; Little Leonardo).
Speed data, which were obtained from a propeller sit-
uated at the front of the cylindrical accelerometer,
were recorded as the number of propeller rotations per
second. This device has already been used to accu-
rately record swimming speed from a wide range of
animals (Sato et al. 2007, Watanabe et al. 2010). Pro-
peller rotations were converted to m s–1 using a regres-
sion equation derived from empirical calibration tests.
During calibration, the accelerometer was towed from
50 m depth to the surface (0 m) at 8 different speeds
using an electric reel on a vessel, and the duration of
each tow was measured using a stopwatch. We then
compared the mean number of propeller rotations per
tow, and calculated speed (50 m per towing time). The
linear regression line was obtained with r2 = 0.99
(n = 8). Acceleration data were recorded as a 12-bit
number (from 0 to 4095) and converted to m s–2 on the
basis of acceleration due to gravity (9.8 m s–2). During
calibration, the accelerometer was positioned to record
the value of gravity acceleration in all 3 axes. We also
used an animal-borne digital camera DSL380-VDTII
(22 mm diameter, 132 mm length, 83 g in air; Little
Leonardo), which captured still images (1 MPx) at 4 s
intervals, and recorded depth and temperature at 1 s
intervals. The accelerometer and the digital camera
were attached to a float equipped with a VHF transmit-
ter and timed-release mechanism (Watanabe et al.
2004). We deployed accelerometer packages on 4 indi-
viduals (TL from 328 to 393 cm): accelerometer only on
sharks #1 and #2, and both accelerometer and digital
camera on sharks #3 and #4. Total device weights in air
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Shark Sex Total Pre-caudal Estimated body Girth Water temperature (°C) Swimming speed (m s–1)
ID length (m) length (m) mass (kg) (m) Avg. ± SD (min.–max.) Avg. ± SD (min.–max.)

#1 Female 3.93 2.87 356 1.76 26.5 ± 0.9 (21.6–27.6) 0.72 ± 0.17 (0.25–2.41)
#2 Female 3.76 2.80 309 1.73 26.3 ± 0.4 (24.6–27.4) 0.57 ± 0.18 (0.08–1.26)
#3 Male 3.30 2.45 202 1.55 26.2 ± 0.2 (24.1–26.9) 0.54 ± 0.19 (0.13–1.46)
#4 Female 3.28 2.33 198 1.47 23.8 ± 2.0 (14.6–26.9) 0.92 ± 0.16 (0.40–1.88) 
Dead Male 2.80 2.02 101 1.00

Table 1. Galeocerdo cuvier. Summary of physical and swimming performance data for 4 instrumented tiger sharks and 1 dead shark.
Estimated body mass of instrumented sharks was calculated from total length. Mass of the dead shark was measured empirically
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were 188 g (accelerometer only) and 311 g (accelerom-
eter and camera); their buoyancies were 54 g-f and
76 g-f, respectively, in seawater. Total masses of the
devices were less than 0.2% of the shark’s estimated
mass. The devices were attached to the dorsal fin of
each shark by plastic cable ties secured through 2
small holes drilled through the fin (Fig. 1). To facilitate
active tracking, each shark was also surgically im-
planted with a V16 acoustic pinger (51 to 84 kHz,
16 mm diameter, 94 mm length, 14 g weight in water;
Vemco) through a small incision in the abdominal wall,
which was then closed using a single suture. After re-
lease, we actively tracked each shark using a 6 m boat
equipped with an onboard VR100 receiver and VH110
directional hydrophone (both Vemco). The receiver
recorded the GPS position of the tracking vessel every
second. After 6 h, a pre-programmed release timer
caused the accelerometer package to detach and float
to the surface, where the VHF transmitter enabled us
to locate and retrieve the devices. Procedures were
approved by the ethics committee at the University of
Hawaii (Institutional Animal Case and Use Comittee
Protocol #05-053-4).

As body density of aquatic animals affects swimming
behavior, we empirically measured the body density of
a dead tiger shark (TL 2.8 m) to confirm that tiger
sharks are negatively buoyant in seawater, and to
determine the magnitude of that negative buoyancy.
The weight in air (Fa kg-f) and apparent weight in sea-
water (Fw kg-f) were measured using a hanging scale,
and total shark density ρf (kg m–3) was calculated using
the following equation;

(1)

where ρw (kg m–3) is density of seawater (1026 kg m–3).

Data analysis. We used Igor Pro Ver.6.04 (Wave-
Metrics) to analyze shark swimming data. Longitudi-
nal accelerations included both the dynamic move-
ment component and a gravity component caused by
pitching. High frequency waves of longitudinal accel-
erations were caused by dynamic movements such as
caudal fin stroking and rapid turning. We separated
dynamic and gravity components of acceleration using
a 0.01 Hz low-pass filter (contained within Igor Pro),
which removes high frequency waves to reveal the
gravity component. We used the gravity component to
calculate data logger angles (γ + Δγ). As data loggers
were not attached exactly parallel to the longitudinal
body axis of each shark, an adjustment angle Δγ (i.e.
the difference between pitch and logger angles) was
estimated (Fig. 2). See Sato et al. 2003 for additional
details on pitch adjustment protocol.

We used ‘Ethographer’ software for Igor Pro (Saka-
moto et al. 2009) to generate spectrograms for fre-
quency spectrum analysis by wavelet transformation.
We generated a spectrogram from lateral acceleration
based on the continuous wavelet transformation, and
then grouped data into 1 s intervals. We used the
k-means algorithm to automatically cluster behavioral
spectra by differences in frequency. We set 20 spectra
for each individual and assumed the largest peak of
each behavioral spectrum to be the tailbeat frequency
of the spectrum. We assumed the behavioral spectrum
that had no peaks to represent episodes of gliding
behavior.

To test whether dive phase (descent or ascent) af-
fected the relationship between swimming speed and
tailbeat frequency, we used generalized linear models
(GLM) and the Akaike Information Criterion (AIC) to
select the most parsimonious model (Wada & Kashi-
wagi 1990). We separated behavioral spectra into 3
dive phases (descent, ascent and horizontal) based on
the pitch angles of the sharks, assuming pitch angles
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Fig. 1. Data-logger package attached to the dorsal fin of a 
tiger shark Galeocerdo cuvier
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Fig. 2. Schematic diagram of the relationship between longi-
tudinal acceleration and gravity on a shark swimming
straight at constant speed. The data logger cannot be at-
tached exactly parallel to the longitudinal body axis of the
shark, so the angle of the logger is composed of the body

pitch (γ) plus the adjustment angle (Δγ)
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above 5° to be ascents, below –5° to be descents, and
intermediate angles to be horizontal swimming. Mean
swimming speeds of ascent and descent phases were
compared with corresponding tailbeat frequencies.
We regarded the distribution of swimming speed as
Gaussian, and used the function glm contained in R
ver.2.8.0 (R project) to calculate AIC. We configured 3
models for GLM to test which factor affected swim-
ming speed of each individual. We set swimming
speed as a response variable in the model, and tailbeat
frequency and index of descent or ascent as explana-
tory variables, as follows:

Model 1: V = F,

Model 2: V = F + AD,

Model 3: V = F + AD + F × AD,

where F is stroke frequency (Hz), V is swimming speed
(m s–1), and AD is index of ascent or descent.

Increases in speed sometimes occurred during the
tracks. We assumed these to be burst swimming
events, and examined the images taken during these
events to investigate whether sharks were involved in
prey chase or capture. Potential prey objects (fishes) in
the still images were identified as precisely as possible.
Using the images supplied by the animal-borne cam-
era we also visually identified the seabed to determine
whether sharks were swimming near it.

RESULTS

All accelerometer packages were retrieved after
their scheduled 6 h deployments, providing a total of
24 h of daytime data from 4 sharks. During the deploy-
ments, sharks #1, #3 and #4 swam near the coast,
where bathymetric depth is less than 500
m, whereas shark #2 swam offshore into
open ocean (Fig. 3).

All sharks exhibited yo-yo diving behav-
ior after release (Fig. 4). Water tempera-
ture recorded by the loggers decreased
rapidly below 80 to 100 m, indicating the
presence of a thermocline around that
depth. Sharks #1, #2 and #3 spent the ma-
jority of their time (97%, 100%, and 100%
of the tracks, respectively) within the
mixed layer (<100 m depth), while shark
#4 spent 48% of its time below 100 m.

Tailbeat acceleration spectra were
divided into descent and ascent phases
(Fig. 5). During descents, lateral accelera-
tion exhibited a single peak around 0.4 Hz.
This was caused by tailbeats, punctuated

by short periods when the shark was gliding with no
frequency peaks evident in the spectrogram. During
ascents, lateral acceleration spectra showed double
frequency peaks: a dominant peak around 0.5 Hz
caused by tailbeating, and a smaller peak around
1.5 Hz which may have been tailbeat harmonics. For a
given speed, sharks exhibited lower tailbeat frequency
during descent than ascent. Sharks #1 and #2 also
glided on 95 and 166 occasions, respectively, whereas
sharks #3 and #4 did not glide (Table 2). Brief gliding
occurred during all dive phases, but prolonged (>10 s),
powerless gliding resulting from negative buoyancy
occurred only during descent (Fig. 4 & 5).

The relationships between swimming speed and tail-
beat frequency were linear (r2 = 0.89 to 0.99) in each in-
dividual and during each dive phase (Fig. 6). GLM and
AIC selected model 3 for sharks #1, #2 and #3, which in-
cludes tailbeat frequency, dive phase and interaction
between them, and model 2 for shark #4, which in-
cludes tailbeat frequency and dive phase. All the se-
lected models included the dive phase, indicating that
the relationship between swimming speed and tail-
beat frequency differed between descent and ascent
phases. Sharks also showed burst swimming events (14,
7, 9, and 42 times in sharks #1, #2, #3 and #4, respec-
tively) during all dive phases (Table 2, Fig. 4).

The weight of the dead shark was 101.5 kg-f in air
and 1.0 to 1.5 kg-f in seawater. The total density of the
dead shark was estimated to be 1041 to 1047 kg m–3,
confirming that tiger sharks are negatively buoyant in
seawater (density = 1026 kg m–3).

The digital camera recorded 4896 and 4904 images
throughout the tracks of sharks #3 and #4, respectively.
The seabed was seen in 253 images (5% of all images)
from shark #3 and 986 images (20% of all images) from
shark #4, indicating that shark #3 occasionally encoun-
tered the seabed, and shark #4 was frequently associ-
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ated with it (Fig. 4). Potential prey items (i.e. reef
fishes, pelagic fishes) were observed in 151 images
from shark #3 and 62 images from shark #4. Not all
burst swimming events were related to the presence of
prey items (Fig. 4). In a series of 20 min images ob-
tained from shark #3, a group of mackerel scad Deca-
pterus macarellus was visible, with possible escape be-

havior observed in several cases (Fig. 7A). In 5 images,
a remora could be seen attached to the back of the
shark or swimming close to it (Fig. 7B). In one image,
we observed possible successful foraging, with shark
#3 having captured a unicornfish (Fig. 7C). Shark #4
sometimes encountered schools of potential prey fishes
near the seabed below the thermocline (Fig. 7D).
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Dive phase Gliding Burst
n Duration (s) Speed (m s–1) Pitch (°) n Duration (s) Speed (m s–1) Pitch (°)

Shark #1
Descent 69 17.6 ± 19.4 0.82 ± 0.23 –24.7 ± 7.1 2 14.5 ± 16.3 1.69 ± 0.66 –10.1 ± 0.4
Horizontal 13 4.5 ± 2.8 0.76 ± 0.19 1.0 ± 2.4 2 6.5 ± 3.5 1.23 ± 0.28 –2.1 ± 2.4
Ascent 13 3.8 ± 2.8 0.84 ± 0.14 9.2 ± 2.9 10 15.2 ± 13.6 1.17 ± 0.14 24.9 ± 9.5

Shark #2
Descent 62 11.2 ± 12.1 0.53 ± 0.19 –18.5 ± 8.6 2 7.0 ± 2.8 1.02 ± 0.08 –18.4 ± 9.5
Horizontal 71 4.4 ± 3.9 0.52 ± 0.12 0.0 ± 2.6 2 7.0 ± 4.2 0.87 ± 0.08 –1.0 ± 2.3
Ascent 33 2.0 ± 1.6 0.68 ± 0.13 10.2 ± 3.5 3 11.7 ± 7.4 0.77 ± 0.13 20.5 ± 11.3

Shark #3
Descent 0 – – – 7 5.9 ± 2.3 1.01 ± 0.17 –24.2 ± 11.3
Horizontal 0 – – – 0 – – –
Ascent 0 – – – 2 11.5 ± 3.5 1.33 ± 0.07 29.4 ± 6.6

Shark #4
Descent 0 – – – 25 5.9 ± 4.2 1.37 ± 0.22 –31.6 ± 16.9
Horizontal 0 – – – 8 4.3 ± 2.0 1.26 ± 0.11 1.2 ± 2.7
Ascent 0 – – – 9 2.2 ± 1.0 1.08 ± 0.13 11.1 ± 4.2

Table 2. Galeocerdo cuvier. Summary of gliding and burst events

Fig. 5. Galeocerdo cuvier. Spectrogram of one dive obtained from shark #2. Bar above depth profile — white: descent stroking
phase, hatched: gliding phase, black: ascent stroking phase. During the descent, acceleration had a frequency of 0.4 Hz punctu-
ated by short periods when the shark was gliding with no frequency peaks evident in the spectrogram. During the ascent, accel-
eration had a higher frequency peak of 0.5 Hz, with another peak at 1.5 Hz (possibly a harmonic artifact of the dominant

frequency)
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DISCUSSION

Many pelagic fishes exhibit yo-yo diving behavior
(Holland et al. 1990, 1999, Brill et al. 1999, Heithaus et
al. 2002, Klimley et al. 2002). A variety of hypotheses
have been postulated to explain these vertical pat-
terns, including energetically efficient swimming, be-
havioral thermoregulation, foraging behavior and nav-
igation (Carey & Scharold 1990, Klimley 1993, Holland
et al. 1992, Heithaus et al. 2002, Klimley et al. 2002). In
a previous study, yo-yo diving behavior was observed
in tiger sharks actively tracked for over 50 h (Holland
et al. 1999), and satellite-tagged for up to several
months (Meyer et al. 2010). Although our deployments
were short (<6 h), the swimming pattern observed in
this study was essentially the same as those reported in
these previous studies, indicating that this behavior
was not caused by capture and handling. Deployment
of accelerometers on fishes has provided detailed new
insights into their activities (Tanaka et al. 2001, Kawa-
be et al. 2004, Gleiss et al. 2009a,b, Whitney et al.
2010). In this study, we used accelerometers to quan-
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tify fine-scale swimming behavior of tiger sharks, asso-
ciated with yo-yo diving behavior.

Weihs (1973) predicted that negatively buoyant fish
could save energy by using prolonged powerless glid-
ing while descending. Tiger sharks are negatively
buoyant, providing an energetic advantage during
descents, but increased workload during ascents. We
found that tiger sharks had a lower swimming speed at
a given tailbeat frequency during ascents than during
descents, which is consistent with their negative buoy-
ancy. However, we observed powered swimming dom-
inating descents in all 4 tiger sharks, whereas gliding
behavior was seen only sporadically in 2 sharks and
accounted for only a minor component (<18%) of
descents. In addition, sharks covered only relatively
short horizontal distances during periods of gliding.
Sharks #1 and #2 glided for 889 m and 450 m, respec-
tively, corresponding to only 6.6 and 4.9% of total
horizontal distance traveled during tracking. Weihs
(1973) also noted that to save energy, fish would be
expected to have shallower pitch angles during gliding
than during powered ascent. This theoretical energy-
saving pattern is closely matched by Japanese floun-
ders Paralichthys olivaceus, which, during migration,
utilize powerless gliding while descending and also
exhibit a shallow gliding angle (–5.8°; Kawabe et al.
2004, Takagi et al. 2010). In contrast, tiger sharks
showed relatively steep (up to –18°) mean gliding
angles during descent. Tiger shark diving patterns are
broadly consistent with those previously described for
blue sharks Prionace glauca, which utilize active
downward swimming accompanied by steep gliding
descents (Scharold 1989). Powered swimming during
descent, together with infrequent gliding at steep
angles, suggests that energy saving is not the primary
explanation of yo-yo diving by tiger sharks.

Three tiger sharks (sharks #1, #2 and #3) made occa-
sional excursions below 100 m, but most of their verti-
cal movements were confined to the mixed layer (from
0 to 100 m). Only shark #4 swam below the mixed
layer — for about half of the tracking time — and occa-
sionally ascended into the mixed layer. Endothermal
tuna move back and forth through the thermocline
(foraging in cold water below the thermocline and
rewarming in the mixed layer) thus behaviorally regu-
lating body temperature (Holland et al. 1992). Simi-
larly, ectothermal blue sharks and ocean sunfish re-
main in warm surface waters after excursions to cold,
deep water (Carey & Scharold 1990, Cartamil & Lowe
2004). Therefore, the occasional ascents in shark #4
might represent behavioral thermoregulation. How-
ever, because the other sharks made vertical oscilla-
tions within the mixed layer, it is unlikely that the main
function of their vertical movements is behavioral ther-
moregulation.

The combined deployment of digital cameras and
accelerometers provided possible evidence of foraging
behavior by tiger sharks. For example, shark #3 accel-
erated from the seabed towards a school of pelagic
fishes. A series of subsequent images revealed that this
shark remained close to a school of pelagic fishes for
over 20 min, and that fishes appeared to be fleeing
(Fig. 7A). Furthermore, in one picture, the shark
apparently succeeded in capturing a fish (Fig. 7C).
Burst swimming, which might indicate prey pursuit,
occurred during all phases of vertical movements.
Fishes with swimbladders may be vertically restricted
in their movements because of the need to avoid trau-
matic over-inflation of their swimbladders (Watanabe
et al. 2008). The absence of a swimbladder enables
sharks to move vertically without a change in buoy-
ancy, which may facilitate prey pursuit.

Tiger sharks are generalist predators, consuming a
wide variety of prey, which may include benthic, pela-
gic and air-breathing animals (Lowe et al. 1996). Tiger
sharks also have large home ranges, moving hundreds
or thousands of kilometers between oceanic islands
and out into open ocean to fill their resource needs
(Holland et al. 1999, Meyer et al. 2009, 2010). We know
from diet studies and fishing surveys that tiger sharks
forage over a wide vertical range from the surface to
depths of hundreds of meters (Lowe et al. 1996, Papas-
tamatiou et al. 2006). Optimal foraging theory (e.g.
Bres 1993) suggests that generalist feeders should
use number maximization foraging strategies, which,
in the case of tiger sharks, may include utilizing 3-
dimensional search strategies to maximize encounter
rates with prey distributed patchily throughout the
water column. Additionally, navigation via the geo-
magnetic field may be a potential motivation for yo-yo
diving. Elasmobranch fishes have well developed elec-
tric and magnetic senses that may be used to detect
geomagnetic intensity (Kalmijn 1982). It has been pos-
tulated that scalloped hammerhead sharks Sphyrna
leweni and blue sharks might decide their swimming
course by moving through a water column vertically to
sample local magnetic gradients (Carey & Scharold
1990, Klimley 1993). Since the sharks showed direc-
tional swimming in this study, the possibility of naviga-
tion-related vertical movements cannot be ruled out.

In conclusion, we showed that the 4 tiger sharks in
this study rarely glide during descent, suggesting that
their yo-yo diving behavior is not an energy conserva-
tion strategy. A combination of accelerometer and
image data revealed burst swimming events and possi-
ble pursuit and capture of prey during vertical move-
ments. Collectively these results suggest that yo-yo
diving by tiger sharks might be an optimal search
strategy enabling them to effectively comb large 3-
dimensional spaces for prey.
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