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Supplement: Tag design and data analysis
Suction-cup attached tags
We used 2 different types of suction-cup attached tags, with designs based on the type of data
logger used. Each tag included a data logger, a suction cup (Canadian Tire), a float made of
synthetic foam, and a VHF radio transmitter (Advanced Telemetry Systems). The PDT data logger
with a vertical tail fin was attached to a suction cup with a rotating plate (see Aoki et al. 2007a,b for
details; Fig. S1) and referred to as Type A (the float—length: 16 cm, width: 9 cm, thickness: 2 cm;
see Fig. S1 for the detailed design). This tag was modified from a tag used in several previous
studies (e.g. Hooker & Baird 1999, see Aoki et al. 2007a,b for detailed modification of the tag). The
design of Type A tags ensures that the data loggers align with the water stream (Aoki et al.
2007a,b). The weight of the entire tag was 470 g. The design of tags using PD2GT and 3MPD3GT
data loggers (Type B tags) differed from that of Type A tags and were the modified versions of
those used in a study by Akamatsu et al. (2005) (Fig. S1). The length, width, and thickness of the
float for the Type B tag were 21, 4, and 5 cm, respectively (see Fig. S1 for the detailed design). The
weight of the entire tag was from 370 to 410 g. For Type B tags, the data loggers were fixed on
suction cups; this enabled the measurement of acceleration and magnetic field changes caused by
the whales’ movements. However, because the data loggers were fixed, there were concerns that
swim speed would not be accurately measured if the data logger did not always align with the water
stream.
We attached both Type A and B tags to one of the whales to compare the swim speeds measured by
each type. The data for swim speed were similar for both types of tags. We obtained a linear
regression line of swim speed measured by the Type B tag against swim speed measured by the
Type A tag. Although the coefficient of the slope was slightly <1 (0.96), the regression coefficient
was relatively high (0.93). We therefore concluded that data loggers in Type B tags aligned with the
water stream and assumed that the heading of the data logger did not differ dramatically from that
of the tagged whales. Sakai et al. (2011) showed that Type B tags were not initially deployed
parallel to the body axes of animals (Fig. 2a,c,e in Sakai et al. 2011), but they shifted to an almost
parallel position after several minutes and remained in that position for at least 3 h (Fig. 2b,d,f in

Sakai et al. 2011). However, we were unable to check the tag position at every surfacing for all the
tagged whales. The heading of the data-loggers therefore may not be exactly parallel to the body
axes of the whales. This might have caused estimates of speed to be under- or overestimated to
some extent. Indeed, swim speed was slightly higher in this case. However, this should not have
greatly affected the overall results.

Data analysis
Bursts of speed: To determine the whales’ maneuvers, we investigated how many categories (i.e.
pitch, roll, and heading) showed simultaneous (within ±3 s) rapid changes in body orientation and
assigned to these changes a number between 0 and 3. For example, when rapid changes in body
orientation were observed in any 2 categories of pitch, roll, and/or heading within ±3 s of each
other, the categorical number was 2. Bursts were classified according to changes in depths (i.e.
descent, horizontal movement, and ascent). Descent and ascent were specified as an increase or
decrease in depth, respectively, of at least 20 m (about twice the body length). A combination of the
3 categories (i.e. descent, horizontal movement, and ascent) was also identified during a burst. We
calculated the linearity during a burst as the straight-line distance divided by the total horizontal
distance at 5 to 10 s intervals. Tagged whales were determined to be turning when linearity was
<0.64 (linearity of a half circle: 0.64).
Twenty of the 181 bursts had periods when the rotation value of the data logger’s propeller was
zero, even though changes in depth were observed during the same period. Because 13 of the 20 of
these occurred on 1 whale (ID O6b), we suggest that these values were caused by tag position.
Another potential explanation for these cases was that whales might be drifting. The maximum
speed, total distance, and ratio of locomotion cost of bursts to a whole dive were not calculated.
Generalized linear mixed models (GLMMs) were used in the R 2.6.2 package (The R Foundation
for Statistical Computing, Vienna). The changes in deviance in GLMM analyses were used to
determine significance for each variable. Changes in deviance approximated a chi-squared
distribution when a variable was dropped from the full model with all explanatory variables. A
GLMM analysis with a gamma error distribution and inverse link function was used to compare
deceleration rates during bursts with those recorded during gliding. This statistical model included
decelerating rates as a dependent factor, mean speed of decelerating periods and phase (glide/burst)
as fixed independent factors, and whale ID as a random factor. In another case, a GLMM analysis
with a Gaussian error distribution and identity link function was used. We investigated changes in
pitch and heading during the deceleration period of the bursts. The model included decelerating
rates as a dependent factor, average rates of change in pitch and heading and maximum swim speed
during deceleration periods as fixed independent factors, and whale ID as a random factor.
Locomotion cost: Locomotion cost (ML) was approximated based on estimates of hydrodynamic
drag (Hind & Gurney 1997).
ML =

λ ρSC DU 3
ε AεP
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where εA is metabolic efficiency (0.25; Kleiber 1975); εP is propeller efficiency (0.75; Fish 2000);
λ is the active-to-passive drag ratio (3; Weihs 1974); ρ is the density of seawater (kg m3); S is the
total surface area of the whale (m2); CD is the drag coefficient based on total surface area of the
tagged whale (0.00306; Miller et al. 2004); and U is swim speed (m s–1). Assuming that the tagged
whale had a body length of 8 m (median of estimated body length), the body weight was estimated
to be 7305 kg (Lockyer 1976), and the total surface area was estimated to be 23.7 m2 (Miller et al.
2004). The density of seawater was calculated from the International Equation of State of Seawater
(UNESCO 1981) by using depth (m) and water temperature (°C) recorded from data loggers and
salinity (34.84‰; Vogel 1981).
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Table S1. Results of principal components analysis obtained by using parameters of bursts on 5
sperm whales tagged with the 3MPD3GT.

Eigenvalues
Percent of variance account for loadings:
Maximum speed
Maximum deceleration
Maximum rate of heading change
Rapid and simultaneous changes in body orientation occurring
in 1, 2, or all categories (pitch, roll, and heading)a
a

Principal components
1
2
3
2.31
0.77
0.5
57.8
19.3
12.6
0.704
–0.621
0.007
0.827
–0.178
0.233
0.780
0.247
–0.574
0.722
0.543
0.345

See ‘Bursts of speed’ in the supplement
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Fig. S1. Suction-cup attached tags. (a) Type A for the PDT data logger. (b) Type B for the PD2GT
and the 3MPD3GT data loggers (see also Aoki et al. 2007a,b for the Type A tag)
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Fig. S2. An example of a calibration line calculated as the vertical depth change rate in relation to
the number of propeller rotations for Whale O6c. We applied this method, as both PDT and PD2GT
data loggers were used (see 'Materials and methods' for calibration methods). Mean propeller
rotation values and vertical depth change rates were calculated at 10 s intervals. Because longer
intervals give a high resolution of depth change rate, we used a longer interval than in the case
illustrated in Fig. S3. We regressed third percentile points of propeller rotation data to
corresponding vertical depth change rates for each whale’s data (grey circles; see also Aoki et al.
2007a for details)
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Fig. S3. An example of a calibration line calculated as the swim speed in relation to the number of
propeller rotations for Whale O8k. Swim speed was calculated as the average depth change rate
divided by the average sine of pitch at 5 s intervals when a steeper pitch was observed (i.e. sin|θ| >
0.9). The number of propeller rotations was also averaged at 5 s intervals. This method was applied
for whales tagged with the 3MPD3GT data logger
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Fig. S4. Swim speed versus time for all data of Whale O8e. Time 0 marks the beginning of each
dive. The black line shows mean swim speed during bottom phases. Dashed lines show the standard
deviation. Colors indicate forward accelerations and decelerations. Bursts were expressed as events
including relatively high speed with strong forward accelerations (forward acceleration > 0.15 m s–2
and swim speed > mean + 1.5 SD of the bottom phase of each dive). Higher speed without strong
forward acceleration was not defined as a burst. Bursts occurred mostly in the bottom phases
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