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Summary

Aquatic animals use a variety of strategies to reduce and-glide swimming, characterized by intermittent
the energetic cost of locomotion. Efficient locomotion is stroking and fluctuating swim speed, throughout their
particularly important for breath-holding divers because  descent and ascent. The body angles of four of the seals
high levels of exercise may quickly deplete oxygen were restricted to less than 30° by the location of
reserves, leading to the termination of a dive. We breathing holes in the ice and the slope of local
investigated the swimming behavior of eight adult bathymetric features. Of these four, the three fatter seals
Weddell seals, which are proficient divers, in McMurdo adopted the stroke-and-glide method while the other
Sound, Antarctica. A newly developed data logger was thinner seal descended with prolonged periods of gliding.
attached to free-ranging females at their own breeding Prolonged gliding seems to be a more efficient method for
sites to record swimming speed, depth, two-dimensional locomotion because the surface time between dives of
accelerations (stroke frequency and body angle) and gliding seals was significantly less than that of stroking
temperature. All seals conducted multiple deep dives animals, despite their same stroke frequencies.

(the mean dive depth range for each animal was

223.3+66.5-297.9+164m). Prolonged gliding while  Key words: acceleration data logger, body angle, stroke frequency,
descending was observed with thinner female®€5 seals).  prolonged glide, stroke-and-glide, Weddell sebkptonychotes
But the fatter females (N=3 seals) exhibited only swim- weddellii.

Introduction

Foraging aquatic mammals must divide their time between Oxygen stores are depleted through metabolic processes in
two important resources: oxygen located at the water surfadke locomotory muscles. Therefore, efficient locomotion is
and prey items located at depth (Dunstone and O’Connoimportant for air-breathing divers (Skrovan et al., 1999). When
1979). Air-breathing animals foraging below the water surfacgaubmerged, they must balance the energetic demands of
perform a dive cycle comprising three activities: time spent ahovement with the conservation of a limited oxygen store
the water’s surface, time spent foraging at depth, and timgastellini et al., 1985; Skrovan et al., 1999). High levels of
spent travelling between the two (Wilson and Wilson, 1988exercise will presumably lead to the termination of a dive as
Houston and Carbone, 1992; Carbone and Houston, 199&)xygen reserves are quickly depleted (Skrovan et al., 1999).
Kramer (1988) suggested that natural selection would favokquatic animals use a variety of strategies to reduce the cost
animals that maximize the proportion of time spent in theof locomotion. For example, burst-and-glide swimming in
foraging area. Other theoretical studies assumed that a divisshes promotes energy conservation (Weihs, 1974; Fish et al.,
should maximize the proportion of time spent in the foragindl991). Williams et al. (2000) demonstrated that prolonged
area to the entire dive cycle (Kramer, 1988; Wilson andliding in Weddell seals affected their recovery oxygen
Wilson, 1988; Houston and Carbone, 1992; Carbone ancbnsumption at the sea surface between dives. They monitored
Houston, 1996; Mori, 1998; Thompson and Fedak, 2001). Wa seal’s flipper movements using a backward-looking video
focused on total traveling time (descent plus ascent) and tlsystem, mounted on the seal's back, and a tail-mounted
time spent on the water's surface as potential decisioaccelerometer. However, these observations were of seals
variables. translocated to an isolated hole drilled through sea ice over
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deep water and away from any existing breeding colonie Latitude (°E)
(Davis et al., 1999). 166.5 167.0
Using acceleration data loggers, Yoda et al. (2001
developed a new technique for monitoring the behavior of free
ranging penguins. They showed that an acceleration profi
could be used for detecting fine-scale movements (lyinc
standing, walking, tobogganing, diving, resting at the wate 'Big.R’azorback
surface and porpoising). Similarly, Tanaka et al. (2001  77.7- Island
described the tail movements and body angle of chum salmc
Oncorhynchus ketaVe monitored the flipper movements and
body angle of free-ranging Weddell sedleptonychotes
weddelliiat their own breeding sites using small data logger
that can record swimming speed, depth, two-dimensional (-
D) accelerations (flipper movements and body angle) an
temperature. Acceleration data were used to define differe 7784
swimming strategies and their pattern of use. Changes
swimming behaviors are discussed with respect to optim:
stroking patterns according to individual and geographi

o

a

Longitude (°S)

e McMurdo
conditions. Station Scott Base
Materials and methods 0 B
Field experiments

Experiments were conducted using lactating Weddell se: g 1007
Leptonychotes weddel(lLesson) females with live pups from E 2004
November 10 to December 12, 2000, at Big Razorback Islar &
(77.68°S, 166.50°E) and Turks Head (77.67°S, 166.78°E) i e 300-
the region of McMurdo Sound, Ross Island, Antarctica _
(Fig. 1A). Both breeding sites are covered by fast ice during Big Razorback Island

. - . 400+, . : T T T

the breeding season. Tidal cracks or holes drilled through tt 0 200 400 600 800 1000
sea ice facilitated the use of a depth gauge (type-8, Tsurut Distance from the Islandtowardwest (m)

Seiki Co., Ltd, Tsurumi, Japan) to measure the bathymetry «

. . I 0
each study site. Weddell seals use naturally occurring crac! 01

to enter the water from the surface of the sea ice. At Bi C
Razorback Island, these cracks are oriented close and para — 1007

to the coastline of the island. As such, to reach deep wate §

seals must swim at a relatively shallow angle (approx. 30° g 2001

and follow the slope of the island (FitB). In contrast, the O

primary crack at Turks Head is perpendicular to the coastlin 3007

and over deep water. Additionally, the underwater slope i 400 Turks Head

much steeper than at Big Razorback Island and seals alo 0 200 200 600 800 1000

this crack may dive vertically to reach deeper depth:
(Fig. 1C). The females were anesthetized using the inhalal..
Sevoflurane (Kusagaya and Sato, 2001), and a quick-settilFig. 1. (A) Study sites (closed circles) near McMurdo Station,
epoxy resin (Evercoat Ten-Set; Fibre Grass-EvercoaAntarctica. Land and the ice tongue are represented by gray color.
Cincinnati, USA) was used to attach acceleration data IoggeThe sea (white) was covered by fast ice during the study period.
to their dorsal pelage. The data loggers were attached to fo(B) The bathymetry of Big Razorback Island and (C) Turks Head.
seals at Big Razorback Island and to four seals at Turks Hee "¢ location of ice holes and tidal cracks are shown by black
and were retrieved the following day. The remaining adhesivhor'zom"’II bars (B,C).

fell off with the pelage at molt.

Distance from the cliff toward saitheag (m)

could affect the diving behaviors of northern elephant seals
Index of fatness Mirounga angustirostrisand grey seal$ialichoerus grypus
The proportion of positively buoyant tissues, such asuspecting that buoyancy may similarly affect diving Weddell
blubber, to other tissues, such as bone and muscle, influenceEsals, we employed Stirling’s ‘index of fatness’ (calculated as
a seal’'s body composition and overall buoyancy. Crocker etxillary girth/standard length) (Stirling, 1971) to quantify the
al. (1997) and Beck et al. (2000) suspected that these factdyedy condition of each instrumented female. Using data
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Table 1.Study sites, morphological information and summary diving statistics for study animals

Number Primary Descent+ Post- Body angle
of descent Dive Ascent Bottom surface in destent
Index of Fatness dekp swimming Dive depth duration time time time and ascent
Seal fatness categdry dives behavidr (m) (min) (min) (min)  (min) (degrees)
Big Razorback Island
Sarah 0.87 Fatter 7 Stroke-and-glide 297.9+164.7 (403.8) 19.1+11.3 (26.7) 12.0+6.6 7.1+5.0 7.7+3.5 26.6+2.5(29.2)
Mumin 0.87 Fatter 12  Stroke-and-glide 232.9+80.4 (290.3) 16.7+6.4 (22.1) 9.9+3.3 6.8+3.5 7.1+4.6 27.4+1.4 (29.5)
Emmalian  0.78 Fatter 23  Stroke-and-glide 248.6+111.2 (405.8) 18.1+5.7 (25.2) 10.4+3.9 7.7+4.2 6.3+3.0 24.7+4.2 (30.1)
Jumbo 0.75  Thinner 29 Prolonged glide 247.7+42.0 (293.3) 18.2+4.3(29.4) 9.9+3.7 8.3+t4.0 3.8+t1.5 25.316.1 (40.5)
Turks Head
Windy 0.72  Thinner 29 Prolonged glide 243.8£139.9 (398.8) 13.249.4 (25.3) 6.1+3.3 7.0+6.3 2.5+2.5 44.8+10.1 (66.5)
Andrea 0.69  Thinner 7  Prolonged glide  223.3+66.5 (328.5) 12.8+4.1 (16.6) 8.8+4.2 4.0+3.1 2.3+1.6 28.4+12.1 (53.8)
Mina 0.74  Thinner 30 Prolonged glide 271.8+82.3 (364.0) 13.844.7 (20.2) 6.5#2.2 7.3#+3.0 2.5+#1.2 46.0+10.8 (66.4)
Hiroko 0.71  Thinner 42 Prolonged glide 237.1+96.1 (391.5) 15.6+7.5(27.2) 8.4+3.9 7.2+4.6 4.1+2.7 No data
P value 0.10 <0.01 <0.0001 0.49 <0.0001 <0.0001

Values are meanssn.; maximum values are given in parentheses.

aThe population mean of 0.78 (Sato et al., 2002a) was used as the category boundary.

bDives deeper than 50 were used for analysis.

CSee text for definitions.

dAbsolute angle in descent was used for calculation.

&Kruskal-Wallis test was used.

Dive depth, the maximum depth of the dive; dive duration, the time elapsed between the start and end of the dive; béhi®miutiaimn
from the first ascent to last descent in each dive.

reported by Fujise et al. (1985) on the external measuremer Table2. Summary of methodological data
and_organ masses of five _Weddell seal_s gollected at Syov Adjustment
Station, we calculated the linear regression: Swimming angle,
Pg=—-22.5+67.4F, 1) spt_eed (mrl) Correla_lti_on mean %.D.
_ _ Seal calibration line coefficient (degrees)
where P!g_ is percentage_, by mass, of total blubber in bod)Sarah 0.06+0.0R(i) 0961 13.340 7
composition (%) antk is index of fatness. The regression wasy ;. min 0.12+0.07R(i) 0.951 2.940.1
significant (2:0.959,N:5, F=70.790,P<0.01), indicating that Emmalian 0.14+0.0R()) 0.944 3.3+0.5
Stirling’s index of fatness was a good estimate of bodyyumbo 0.09+0.0R(i) 0.969 13.2+0.9
composition. The mealr of lactating females in McMurdo  Windy 0.09+0.11R(j) 0.970 9.1+1.5
Sound, in 2000, was 0.78£0.7, range 0.68-0.92 (Sato et Andrea 0.01+0.0%(i) 0.979 10.3+2.9
2002a). Using this average as a boundary, three (‘SaratMina 0.07+0.06R(i) 0.972 6.8+1.0

‘Mumin’ and ‘Emmalian’) of the seals in the present studyHiroko No data No data

were categorized as fatter seals, and the others (‘Jumb
‘Windy’, ‘Andrea’, ‘Mina’ and ‘Hiroko’) were categorized as
thinner seals (Tabl&).

See text for an explanatioR(i), number of propeller rotations per
second.

Multi-sensor data logger activities) and static acceleration (such as gravity), allowing

A multi-sensor data logger (UWE1000-PD2GT: mth it to be used as a tilt sensor. The measuring range of the
diameter, 124nm length; 8@ in air; Little Leonardo Corp., accelerometer is +4@s2 with a resolution of 0.0fns2
Tokyo, Japan) was used to record swimming speed and degtowever, the sensitivity of the sensor can be affected by
at 1s intervals, 2-D accelerations (for determining flipperthermal changes. The temperature was therefore simultaneously
movement and body angle) at 14 Btervals, and temperature recorded to allow forpost-hocdata corrections. This was
at 3Cs intervals. The cross-sectional area of the instrument wamnecessary, however, as the ambient saltwater temperature
less than 0.2% of the maximal cross-sectional area of an aduémained constant at —1.8°C for the duration of the experiment.
Weddell seal and, therefore, we felt that any influence on Swimming speed was calculated using the rotation §€ys
swimming behavior would be minimal (Wilson et al., 1986).0f an external propeller. However, the flow of water across the
The logger uses a two-axis acceleration sensor (Modgropeller may also vary with the location of the instrument or
ADXL210, Analog Devices, Inc., Norwood, USA). The sensorthe girth of the seal. Therefore, the rotation value was
can measure both dynamic acceleration (such as propulsigenverted to actual swimming speedgm using a calibration
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line that was estimated for each animal. The calibration lineot used as the primary method of determining swimming
was created from a linear regression of ®V¥sagainst a speed. Calibration lines were obtained from each animal with
second independent method of calculating swimming speedorrelation coefficients higher than 0.944 (Tabje The
Information on the body angle (from an acceleration sensgropeller of one seal did not rotate well and was not used
along the longitudinal axis of the seal) and vertical speed (g3 able2). Rotation values of rews! were not converted to
determined from the depth recorder) provided us with aswimming speed when they were lower than the stallgévs
independent estimate of the actual swimming speed. Faf the logger, determined experimentally to berd.§2.

example, an animal with a vertical speed of h.81 and a The maximum range of the depth sensor was bf0fith a

body angle of 60° would have a true swimming speed ofesolution of 0.24n. The beginning or end of a dive was
1.5ms? (i.e. 1.2ms¥sin60). This second method is only considered to be the moment when depth was greater than, or
reliable for steeper body angles, however, and as such it wkess than, 2n, respectively. Dive duration was defined as the
time elapsed between the start and end of the dive. Dive depth
was defined as the maximum depth of the dive. Bottom time,
which was assumed to be the time spent in the foraging area,
was defined as the duration from the first ascent to last descent
in each dive. According to Kooyman (1968), dive duration is
positively related to the number of breaths after the dive rather
than the number of breaths before the dive. Therefore, post-
surface time was used in analyses of dive recovery time. In these
analyses, we only used dives with a maximum depth greater than
50 m. The measuring range of the temperature sensor was —22°C
to 50°C, with a resolution of 0.018°C and an accuracy of 0.1°C.

Ascent

[y()>0°, A()>0 ms2| Acceleration data analysis

Descent A preliminary experiment was conducted on a captive
[v()<0°, A()<0ms?] male (body mass 76y) Larga sealPhoca larghain the
Minamichita Beachland Aquarium on June 19, 1998.
Equipped with a PD2GT logger, the seal was released in an
outdoor pool and its behavior was monitored using a video
camera (DCR-TRV9, Sony). The resulting acceleration
profiles were compared to the visual record, confirming that
y(i)+Ay side-to-side flipper movements could be detected as
fluctuations in acceleration along the transverse axis (hereafter
referred to as swaying acceleration). Additionally, fluctuations
in acceleration along the longitudinal axis (surging
acceleration) and the estimated body angle of the seal were
consistent (Sato and Naito, 2002).
We attached PD2GT loggers to free-ranging adult
B y(i)<0° y(i)>0° Time female Weddell seals to record their flipper stroke
frequencies and body angle. Swaying acceleration
often contained low frequency variations that were
assumed to be the result of various turning and rolling
movements. These variations were separated using
a 0.1Hz highpass filter (IFDL Version 3.1;
WaveMatrics, Inc., USA). The remaining peaks and
troughs with absolute amplitudes greater than
0.5ms2 were considered to be strokes and used
in analyses. Peak—trough duration or trough—peak
duration corresponds to a single flipper stroke
v (i.e. left-to-right or right-to-left). Flipper stroke

Fig.2. (A) Schematic diagram showing the direction of surging accelerati]gﬁquenCIeS (Hz) during descending and ascending

A(i), recorded by a PD2GT logger placed on a seal, and ggitg.8ms3. Were calculated from the total number of strokes

The angle of the logger is composed of the body angle of ay@eand the divided by the duration of each phase (ascending and
adjustment anglely. Descending body angles are represented as negafi@scending) for each dive deeper thamb0

values. (B) A schematic of a dive profile calculated from swimming spéed  The acceleration sensor along the longitudinal body
and body anglg(i). axis of the body measured the surging accelerations,

Depth

(i) siny())
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which are affected by both the forward movemen _ 600
the animal and gravity (Yoda et al., 2001; Tanal

al., 2001). High frequency variations in the sur 0°
acceleration record are believed to be caused by 1 | 400
movements. These were filtered out using aHa
lowpass filter (IFDL Version 3.1; WaveMatrics, It
USA). As described by Tanaka et al. (2001), whe L 200
animal is still or moving at a constant speed, the gt 10°
vector will change in response to the body al /
Together, these vectors were used to calculate the

angle. Fig2A shows the direction of the surg
acceleration recorded by a PD2GT logger attach
the back of a seal. A descending seal would
surging accelerations and body angles represen
negative values. Body angles and surging acceler
of ascending seals are positive.

The data logger was attached to the seal’s
at the point of maximum girth. But length from
nose to the logger varied from 43% to 63% of 600 . . . . . . . L 600
standard length (from the nose to the end o 0 200 400 600 800 1000 1200 1400 1600
tail). This distance was decided according to
degree of fatness of each seal, with ‘fatter’ <
having a relatively longer distance. It v Fig.3. The comparison between a measured dive profile (black line) and
impossible to align the PD2GT logger exa calculated dive profiles (red line) using several adjustment amigtesAn
parallel to the longitudinal axis of a seal. Therel  adjustment angle of 13.3° is appropriate for this dive.
it was necessary to calculate this difference ¢
adjustment anglé\y (Fig.2A). The relationshif _
between surging acceleratiéi) (m s2), the acceleration of ~ Table3. A matrix of Spearman rank correlation coefficients
gravity g (=9.8ms?), body angley(i) (degrees) and the among parameters
adjustment angldy (degrees) can be expressed by:

13.3=Ay
L —200

N

o

o
|

20°

o
Cumulative rotation number of propeller

Depth (m)

L —400

N

o

o
|

Time (s)

Number  Swim Stroke
A() . of speed Body angle frequency
? =sin[y(@) + Ay] . (2) dives (N=84 dives) N=137 dives} (N=179 dives)
o . Descent
Sinfy(i)] may then be expressed using: Descent time 179 —0.04 _0.584**  _0.081
0 DA() 0 0O Swim speed 84 0.591*** —0.668***
i
S|ny(|) =sin Dasin 0—2 D—Ay . (3) BOdy angle 137 —0.484***
O og o d Ascent
As shown in Fig2B, the cumulative value of depth change in AScenttime 179 -0.007 — ~0.347=*  -0.354""
a dive (calculated from the swimming speed and body angle Swim speed 84 0.216 0.669
Body angle 137 0.576%**
must be zero:
N o aBody angle is negative when descending. The absolute value was
Z Si)sin[y()]=0, (4)  used for statistical test.
— *** P<0.0001.

where (i) is the swimming speed (81%). The number of
propeller rotations per secoffi), is linearly correlated with

the swimming speed: Fig. 3 shows the results of one dive calculated using several
(i) OR). (5)  values forAy. This procedure was repeated on five dives for
_ ) each animal, the mean of which was used as the adjustment
Therefore, Equatior, 4 and 5 give: angle for the given seal. The mean adjustment angle varied
N . between seals; however, reliable values could be obtained for
z R(i)sin EasinEL(l) E—Ay %zo. ) each seal with small standard deviatioss.f (Table2).
. 0 0g O O The results are presented as meagas iStatistical analysis
=0 followed Zar (1984). We used StatView (version5.0) for

The adjustment anglay for a specific dive can therefore statistical tests and considered results statistically significant if
be determined through iterative procedures using Equétion P<0.01.
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A ‘Sarar at Big Razorback Island Fig. 4. Typical dives at (A) Big Razorback Island,
o 25 with a gradual slope, and (B) Turks Head, with a
g ig steep slope. Thg-axis is time, swimming speed
= 1'0 is in red, and dive depth is in black; the black dots
3 0'5 over the green lines represent strokes recorded as
& '0 swaying acceleration, and the vertical dashed

lines delineate the separation of the dive into three
phases: descent, bottom and ascent. Swimming
behavior is categorized as continuous stroking
(black  horizontal bar), stroke-and-glide
swimming (grey horizontal bar) and prolonged
gliding (open horizontal bar). Blue lines represent
the body angle calculated from surging
acceleration.

Swaying
acceleration (m s2)

related to shorter travel time. While
descending, steeper body angles were related
to an increase in swimming speed (Tab)e
Additionally, steeper body angles were
associated with a reduction in the stroke
frequency (Tabl8), indicating that Weddell
ot B ‘Mina’ at Turks Head seals choose to glide while descending
20 \ \ at steep angles. This explains the
: counterintuitive result of a negative
relationship between stroke frequency and
swimming speed while descending (TaB)e
_. By contrast, despite a lack of significant
E correlation between body angle and
%_ swimming speed while ascending (TaB)e
O steeper body angles were associated with an
increase in the stroke frequency (TaBjeand
there is a positive relationship between stroke
frequency and swimming speed (TaB)e

Body argle (degreeg

T T T T T T T T T
5:54 5:58 6:02 6:06 6:10 6:14 6:18 am
Time on Nov 11, 2000

Speed(m s1)
5

=
o

Swaying
acoeleration (m s2)
Ll)'l o O;

B Comparisons of diving behaviors at both

-10 % sites revealed that seals at Big Razorback
T Island (hindered from diving vertically to

% reach deeper water by the island’s more

@ gradual slope) conducted dives with a

: : : : : : : : §‘ longer dive duration, a longer travel time, a

11:18 11:22 11:26 11:30pm © longer post-surface time (except for Jumbo),

Time on Dec 2, 2000 and shallower body angles than seals

instrumented at Turks Head (where there was
Results a steeper bathymetric slope) (Flg. Tablel). The data

Each of the instrumented Weddell seals conducted multipleresented in Figd describe a typical dive at each site. The
deep dives. The mean of the maximum depths of dives for eatlottom times of both seals were similar (81 and 8.3nin),
animal ranged from 223.3£66m5t0 297.9+164.T (Tablel); but Sarah from Big Razorback Island had a longer travel time
however, there was no significant difference in dive deptlidescent time plus ascent time = 1&i@) than Mina (6.4min)
between individuals (Kruskal-Wallis te$?=0.10; Tablel).  from Turks Head. Additionally, Sarah’s mean descent and
Dive duration, travel time (descent time plus ascent time), pos&scent body angles were £30°, compared to Mina’'s steeper
surface time and body angle were significantly differentingles of +50° (Fig4).
between individuals (Kruskal-Wallis te$2<0.01; Tablel), From the swaying acceleration data, ‘Sarah’ adopted a
but there was no significant difference in bottom timestroke-and-glide method throughout her dive (i.e. both
(Kruskal-Wallis testP=0.49; Tablel). The swimming speed descending and ascending) (Higfs 5A). In contrast, Mina’s
did not significantly affect the descent or ascent time of a divBipper movements were only substantial during the beginning
(Table3). However, body angle was significantly correlatedof her descent, gliding from about halfway through her descent
with descent and ascent times (Tak)eas steeper angles are until reaching the bottom (FigB). After continuous stroking
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. A Midde of ascending ‘ Sarah’ Fig.5. Typical profiles of swimming speed (red lines),
A %8 swaying acceleration (green lines), and flipper strokes
E 15 & (black dots) that correspond with stroke-and-glide
E’ 1.0 % swimming (grey horizontal bar), prolonged gliding
o 05 S
g0 4 = (open horizontal bar) and continuous stroking (black
2 8 horizontal bar).
®
0 ©
2 8
4 8 o :
6'1I4'3O 6'1I4'45 6'11%'00 6'15'|15 o ratio (i.e. ascent/descent) <1 were characterized as
o o . etoam ‘& stroke-and-glide swimmers, while those with a
— B Beginningof desending ‘Min & % mean stroke frequency ratio >1 were characterized
T %:8 as prolonged gliders. Interestingly, the five thinner
% 15 f?; seals were categorized as prolonged gliders, while
8 %g e the three fatter seals were categorized as stroke-
@ 0 4 g and-glide swimmers (Table Fig.6). Comparing
2 g swimming methods among four seals at Big
92 % Razorback Island, where the gradual slope prevents
. _4 & seals from vertical dives, only Jumbo, a thinner
T T T T H H
11:15:00 11-1515 11:15:30 11:15:45 pm 2 seal, was characterized as a prolonged glider. _AII
& seals at Turks Head, where seals can dive
o5 C Middeof desending ‘Mina & vertically, adopted a prolonged glide method
t 570 independent of their body angles.
£ 154 A Table4 compares the results between stroke-
o 1.0+ . . . .
© 0.5- £ and-glide swimmers and prolonged gliders. During
n 0- -4 5 adescent, the stroke frequency of stroke-and-glide
. 'é 'tg swimmers (0.68+0.161z) was greater than that of
- o |, g prolonged gliders (0.30£0.1z), yet prolonged
L _4 8 gliders had a faster swimming speed (1.740.81
T T T T [@)) + 1 . h k
11:16:46 11:17:00 11:17:15 111730pm < VerSUSl.3_0.2mS_). In comparison, the stroke
o . . 8 frequency of prolonged gliders during the ascent
25 D Beginningof ascending ‘Mina & phase (0.99+0.2Bz) was greater than that of
e %8 — ~— N—""" <  Stroke-and-glide swimmers (0.40+0.8@), and
T10 t»  prolonged gliders had a slightly faster swimming
S 1 2 1
L 05 < speed (1.6£0.81 s+ versus1.5+0.2m s). There
»n 0 4 c L . .
>, S was no significant difference in total stroke
l’l'l'l'l]Illll'l’lllllll l‘l'lll‘lllll 1’1,111'1'1[”!’1‘1'1(I'I,lll’l,lhlll 'v“,',',lxly‘,l,‘ﬁl,' 0 § frequency (descent and ascent) between stroke-
' , (' -2 8  and-glide swimmers (0.54+0.2%) and prolonged
, , , , —4 g gliders (0.65+0.4¥z). The ratio of the post-
11:26:30 11:26:45 11:27:00 11:227:15 pm % surface time to dive duration in stroke-and-glide
Time of day G swimmers (0.44+0.25) was significantly larger than

that for prolonged gliders (0.29+0.42).

at the beginning of her ascent the remainder was characterized
by a stroke-and-glide pattern similar to Sarah’s (BR). This Discussion
stroke-and-glide behavior is defined by intermittent strokes and Prolonged gliding as a diving behavior of Weddell seals was
corresponding fluctuations in swimming speed (B&yB).  described by Williams et al. (2000). While some of the seals
Swimming speed either increased or remained constant while our study exhibited prolonged gliding behavior, others did
stroking continuously (FihB,D); interestingly, gliding seals not. Some seals utilized a stroke-and-glide method throughout
also managed to keep their swimming speed constabbth the descending and ascending phases of a dive, and
(Fig. 5C). swimming behavior (i.e. stroking or gliding) seems to be
There was a significant negative relationship between theslated to the seal’s index of fatness (TdbleThe three fatter
mean stroke frequencies during descent and ascent (Spearnvdaddell seals in our study were the only ones to adopt a stroke-
rank correlation = —0.427N=179 dives of eight seals, and-glide swimming method during the descent and ascent
P<0.0001; Fig6), indicating that seals who descended usindFig.6); their stroke frequency during descent was
lower frequency strokes, ascended with higher frequencsignificantly greater than while ascending (Tad)leHowever,
strokes, andiice versa Seals with a mean stroke frequencydespite this extra effort, swimming speed was actually lower
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Prolongedglide

g
(o)}
)

Mean stroke frequency in ascent (Hz)

and Mina, had much steeper body angles
(Tablel), presumably enabling them to

glide, and this would also decrease the time
necessary to reach the bottom. Andrea was

®oee @ ¢ Stroke-andglide the thinnest and also had the most shallow
147 wee o body angle (Tabld), which enabled her
e@ee o e ° to reach further for exploration. Jumbo,
12 emeevee °

despite being a prolonged glider, had a
relatively shallow body angle (Tablg;

17 @mecs o o however, she was diving at Big Razorback

o mee e o . ﬁ;ﬂn(o('ggn Island and was restricted from steeper

087 eocees * . JEmrEa“%n7(5%78) angles by the shape of the slope at that
¢ Jumbo (0. colony (Fig.1B). Similarly, as each of the

061 ¢ ¢ Windy 0.72) threeyfe(ltttgr se)als Wereyat Big Razorback
e Mina (0.74) Island, it is perhaps not surprising that

0.4+ e Hiroko (0.71) they were all stroke-and-glide swimmers,

F\l:_‘lojgz considering their inability to descend at
0.21 P<0.000L steep angles. Unfortunately, the two fatter

seals instrumented at Turks Head (with
0'4 0'6 0'8 i 1'2 1'4 1'6 = 0.83 and 0.81) did not dive deeper than
' ' ) i : ' : 50m (Sato et al.,, 2002a), therefore we
Mean stroke frequency in descent (Hz) could not fully test this hypothesis. Overall,
Fig. 6. The relationships between the mean stroke frequencies during descent and agcerW.'de variety of factors including
The thick diagonal line, representing identical stroke frequencies in descent and asiR@gdraphy, seal morphology and perhaps
divides seals into prolonged gliders or stroke-and-glide swimmers. The numberdr@y distribution could affect their body
parentheses indicate the given seals’ fatness index. Note that stroke-and-glide SWinREHes.
are the ‘fatter’ seals, Spearman rank correlation. Davis et al. (2001) identified three modes
of swimming (prolonged gliding, stroke-
and-glide and continuous stroking), based
during the descent phase of a dive (Ta)ldn contrast, there on the interval between strokes. We chose to categorize diving
was no difference in the ascent or descent swimming speed leéhavior based also on relative swimming speeds because we
prolonged gliders, who primarily stroked while ascendingfound transitions between these categories to be gradual. While
(Table4). This suggests that fatter seals may be stroke-andentinuously stroking, swimming speed was constant GEY.
glide swimmers because they must actively work against thear accelerated (FigB), indicating that thrust was equal to or
overall positively buoyant forcevérsusthinner prolonged- exceeded the drag and any external forces such as gravity or
gliders who were negatively buoyant). Likewise, stroke-andbuoyancy. This can be expressed more formally as:
glide swimmers expended less energy than prolonged gliders _ I
(measured as stroke frequency) when ascending, as they were T=Dr+mgsiny(i) - Bsinyi), (7)
assisted by their net positive buoyancy, though apparently nathereT is thrust force (rkg1s?), Dt is drag of a stroking
enough to allow them to glide. Supporting the conclusion oeal (mkgs2, m is the mass of seal (kg is the gravity
Williams et al. (2000), the ratio of post-surface time to diveacceleration (= 9.&1s?), y(i) is the seal's body angle
duration was greater in stroke-and-glide swimmers than itdegrees), anB is the buoyancy (kg s2). When descending,
prolonged gliders, despite their same stroke frequenciegi)<0 and gravityg contributes to thrust; however, dradr
(Table4), suggesting that prolonged gliding (which requiresand buoyancyB act against forward motion. The reverse is
less recovery time) is a more efficient method of locomotionthen true when ascendingif>0). While stroking-and-gliding,
This is further emphasized by Jumbo, the only thinner seal awvimming speed fluctuated with each flipper stroke
Big Razorback Island who was also the only prolonged glidefFig. 5A,B), accelerating while stroking and decelerating while
at Big Razorback Island. Her post-surface time was mucgliding. This indicates that seals move through the water using
shorter than those of the other three seals at this location, evieoth thrust and inertial forces. As such it is not appropriate to
though each of the four seals had similar dive depths ardkfine a swimming behavior using only the stroke interval. For
durations, and the same body angles (Taple example, depending on the stroke frequency interval chosen
For thinner, negatively buoyant seals, body angle shoultbr a swimming behavior category, a long gliding phase of
also be important. While descending, steeper body angles stroke-and-glide swimming seal could be mistakenly
would bring the vector of forward motion closer to that of thecharacterized as prolonged gliding. By also using the relative
force of gravity, making it easier to descend. Among theswimming speed, one would appropriately categorize
prolonged gliders at Turks Head, the more stout seals, Windhie behavior as stroke-and-glide. Prolonged gliding is
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Table 4Comparison between stroke-and-glide swimmxd) seals and prolonged glideNE5) seals

Stroke-and-dide throughout Prdonged gliding descent
descent and ascent rel strokingascent
Swimspeed in descent (m s-1) 1.3+0.2 (1.4) i 1.7+0.3 (1.7)
>* > NS
Swim speed in aseent (m s-1) 1.5+0.3 (1.5) i 1.6£0.3 (1.7)
Stroke frequency in descent (Hz) 0.68+0.16 (0.62) — 0.30+0.21 (0.25)
Lz *k%k

Stroke frequency in ascent (Hz) 0.40+0.20 (0.36) Tt 0.99+0.28 (0.98) >
Stroke frequency in descent and asaent (Hz) 0.54+0.23 (0.48) NS 0.65+0.43 (0.59)
Post-suface duration/dive duration 0.44+0.25 (0.36) — 0.29+0.42 (0.22)

Values are means+ s.D., median values are given in parentheses.

Mann-Whitney testwas used to test between stroke-and-gide swimmer and prolonged glider.
Wilcoxon paired-sample test was used to test beween descent and asaent.

*P<0.01, ** P<0.001, *** P<0.000L. NS, not significant.

characterized as no flipper movement and a constafifablel). Theoretical studies by Thompson and Fedak (2001)
swimming speed (FighC), which occurs when the net effect and Mori et al. (2002) predicted a positive correlation between
of gravity and buoyancy parallel to the body angle is equal tpatch quality and patch residence time. If true, differences in
the drag of the gliding se@lg: prey density (higher at Big Razorback Island) may explain this
e o result. Using digital still cameras mounted on the back of
D =Bsiny(i) = mgsiny(i). (8) diving adult Weddell seals, a concurrent study calculated a
As such, prolonged gliding of Weddell seals might also bédiigher index for prey distribution at Big Razorback Island than
expressed as ‘gravity gliding’. at Turks Head (Watanabe et al., in press). Further quantitative
Gravity gliding among diving animals has been reportednvestigation is needed to verify this as a proximate cause.
previously for the Weddell seal, northern elephant seal
Mirounga angustirostris bottle nose dolphinTursiops .
truncatusand the blue whalBalaenoptera musculySkrovan List of symbols
etal., 1999; Williams et al., 2000), while the corollary, buoyant A(i) surging acceleration (sr2)
gliding, has been reported in right whales, a northern elephantB  buoyant force (nkg s
seal, penguins and some flying birds (Nowacek et al., 2001; D drag force of a gliding seal (ky s
Davis et al., 2001; Sato et al., 2002b; Ross, 1976; Tome andDt  drag force of a stroking seal §g s
Wrubleski, 1988; Stephenson et al., 1989; Lovvorn, 1994; ¢ gravitational acceleration (=28 s
Watanuki et al.,, 2003). Buoyant gliding in penguins is | =0,1,2,3...N(s)
accomplished by changing the volume of gas-filled cavities I  index of fatness
using water pressure. This creates a dynamic buoyancym  mass of seal (kg)
component that varies with depth and may actually acceleratePs  percentage of total blubber (%)
the swimming speed of some ascending penguins (Sato et al.R() number of propeller rotations per second (r&v$
2002b). The swimming speed of gravity-gliding Weddell seals (i) swimming speed (rs™%)
did not change with respect to depth (4B) because body T thrust force (mkgts)
tissues such as blubber, bone and muscle are less compressibii) body angle of a seal (degrees)
than air. However, in both cases, external net forces such asAy adjustment angle (degrees)
gravity and buoyancy, are equal to or larger than the drag of
gliding animals, enabling them to glide for long periods with We thank C. Counard, S. Dahle, D. MacNulty, K. Krysl, H.
a constant or increasing speed. Reider, E. Morton and G. Wong for their assistance with the
Finally, a surprising result is that despite the extra efforfieldwork. We appreciate the help and facilities provided by
necessary for seals to reach deep depths at Big Razorbadknamichita Beachland Aquarium where the preliminary
Island (due to the shallow body angles required by bathymetrgxperiment was conducted. The experimental protocol was
versusTurks Head, the maximum depth and bottom time opreviously approved by the National Marine Fisheries
seals at the two colonies were not statistically differenService, Office of Protected Resources. The fieldwork was
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conducted at the McMurdo Station of the US Antarctic w. A. and Pabst, D. A.(2001). Buoyant balaenids: the ups and downs of

Program when K.S. visited the station as an exchanq:({ebuoyancy in right whaleroc. R. Soc. Lond. B68 1811-1816.

. . . . oss, R. K.(1976). Notes on the behavior of captive Great Cormorants.
scientist. This study was made possible by grants from the\yiison BuI(I.88, 1)43_145_ P

National Science Foundation (OPP-9420818), and a Grant-iigato, K., Mitani, Y., Cameron, M. F., Siniff, D. B., Watanabe, Y. and

; ; ; ; Naito, Y. (2002a). Deep foraging dives in relation to the energy depletion
Aid from the Japan Society for the Promotion of Science of Weddell seall(eptonychotes weddglimothers during lactatiorRolar

(11691197 and 14405027). Biol. 25, 696-702.
Sato, K., Naito, Y., Kato, A., Niizuma, Y., Watanuki, Y., Charrassin, J.
B., Bost, C.-A., Handrich, Y. and Le Maho, Y.(2002b). Buoyancy and
maximal diving depth in penguins: do they control inhaling air voludne?
References Exp. Biol.205 1189-1197.

Beck, C. A., Bowen, W. D. and Iverson, S. J2000). Seasonal changes in Sato, K. and Naito, Y.(2002). Biological research on marine mammals using
buoyancy and diving behaviour of adult grey seal€xp. Biol 203 2323- modern sensing and recording techniqé&ésh. Sci68, Suppl. 1, 290-293.
2330. Skrovan, R. C., Williams, T. M., Berry, P. S., Moore, P. W. and Davis, R.

Carbone, C. and Houston, A. 1.(1996). The optimal allocation of time over ~ W. (1999). The diving physiology of bottlenose dolphiriBurgiops
the dive cycle: an approach based on aerobic and anaerobic respirationtruncatug Il. Biomechanics and changes in buoyancy at deptixp. Biol.
Anim. Behav51, 1247-1255. 202, 2749-2761.

Castellini, M. A., Murphy, B. J., Fedak, M. A., Ronald, K., Gofton, N. and Stephenson, R., Lovvorn, J. R., Heieis, M. R. A., Jones, D. R. and Blake,
Hochachka, P. W.(1985). Potentially conflicting metabolic demands of R. W. (1989). A hydromechanical estimate of the power requirements of

diving and exercise in seals. Appl. Physiol58, 392-399. diving and surface swimming in Lesser Scafiptliya affini. J. Exp. Biol.
Crocker, D. E., Le Boeuf, B. J. and Costa, D. R1997). Drift diving in 147, 507-519. _ _

female northern elephant seals: implications for food procesSiamg. J.  Stirling, I. (1971). Population dynamics of the Weddell séaiponychotes

Zool. 75, 27-39. weddelli) in McMurdo sound, Antarctica, 1966-1968ntarctic Res. Ser.
Davis, R. W., Fuiman, L. A., Williams, T. M., Collier, S. O., Hagey, W. 18, 141-161. _ _ o

P., Kanatous, S. B., Kohin, S. and Horning, M(1999). Hunting behavior ~ Tanaka, H., Takagi, Y. and Naito, Y.(2001). Swimming speeds and

of a marine mammal beneath the Antarctic fast $mence283 993-995. buoyancy compensation of migrating adult chum sal@meorhynchus
Davis, R. W., Fuiman, L. A., Williams, T. M. and Le Boeuf, B. J(2001). ketarevealed by speed/depth/acceleration data logheExp. Biol.204

Three-dimensional movements and swimming activity of a northern 3895-3904. .

elephant seaComp. Biochem. Physidl29A, 759-770. Thompson, D. and Fedak, M. A.(2001). How long should a dive last? A
Dunstone, N. and O’Connor, R. J.(1979). Optimal foraging in an simple model of foraging decisions by breath-hold divers in a patchy

amphibious mammal. I. The aqualung efféatim. Behav27, 1182-1194. environmentAnim. Behav6l, 287-296. ) )
Fish, F. E., Fegely, J. F. and Xanthopoulos, C. §1991). Burst-and-coast Tome, M. W. and Wrubleski, D. A.(1988). Underwater foraging behavior

swimming in schooling fishNotemigonus crysoleucasith implications of Canvasbacks, Lesser Scaups, and Ruddy D@celor90, 168-172.

) ; Watanabe, Y., Mitani, Y., Sato, K., Cameron, M. F. and Naito, Y (in

for energy economyComp. Biochem. PhysidlOOA, 633-637. . ) : h SN
Fujise, Y., Hidaka, H., Tatsukawa, R. and Miyazaki, N(1985). External press)_. Dive dept_hs of Weddell seals in relation to vertical prey distribution

measurements and organ weights of five Weddell séalstqnychotes as estl_mated t_)_y image dabdar. .ECOI' Prog. Ser. .

weddell) caught near Syowa Statiohntarct. Rec85, 96-101 Watanuki, Y., Niizuma, Y., Gabrielsen, G. W., Sato, K. and Naito, Y.
Houston, A. I. and Carbone, C(1992). The o .timal aII,ocation <-)f time durin (2003). Stroke and glide of wing-propelled divers: deep diving seabirds

the di\}iné éycIeBehav E’CO|3 255'-265 p 9 adjust surge frequency to buoyancy change with d&pte. R. Soc. Lond.

. . . . B, DOI 10.1098/rspb.2002.2252.
Kooyman, G. L. (1968). An analysis of some behavioral and physmloglcaIWeihS’ D.(1974). Enpergetic advantage of burst swimming of fisfTheor.

characteristics related to diving in the Weddell s&atarctic Res. Sed1, Biol. 48 215-229.

227-261. . . . . Williams, T., Davis, R. W., Fuiman, L. A. M., Francis, J., Le Boeuf, B. J.,
Kramer, D. L. (1988). The behavioral ecology of air breathing by aquatic Horning, M., Calambokidis, J. and Croll, D. A. (2000). Sink or swim:

animals.Can. J. Zoal66, 89-94. o _  strategies for cost-efficient diving by marine mammtsence8g 133-136.
Kusagaya, H. and Sato, K(2001). A safe and practical inhalation anaesthesiayyjlson, R. P., Grant, W. W. and Duffy, D. C.(1986). Recording devices on

for Weddell sealsPolar Biol. 24, 549-552. free-ranging marine animals: does measurement affect foraging

Lovvorn, J. R. (1994). Biomechanics and foraging profitability: an approach  performanceEcology67, 1091-1093.
to assessing trophic needs and impacts of diving dudidrobiologia  wilson, R. P. and Wilson, M.-P. T.(1988). Foraging behaviour in four

279/28Q 223-233. sympatric cormorantsl. Anim. Ecal57, 943-955.
Mori, Y. (1998). The optimal patch use in divers: optimal time budget and theroda, K., Naito, Y., Sato, K., Takahashi, A., Nishikawa, J., Ropert-
number of dive cycles during bouit. Theor. Biol.190, 187-199. Coudert, Y., Kurita, M. and Le Maho, Y. (2001). A new technique for
Mori, Y., Takahashi, A., Mehlum, F. and Watanuki, Y. (2002). An monitoring the behavior of free-ranging Adélie penguh€£xp. Biol.204,
application of optimal diving models to diving behaviour of Brinnich’'s  685-690.
guillemots.Anim. Behav64, 739-745. Zar, J. H. (1984).The Biostatistical Analysi£"d edition. Englewood Cliffs,

Nowacek, D. P., Johnson, M. P., Tyack, P. L., Shorter, K. A., McLellan, NJ: Prentice Hall, Inc.



