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ABSTRACT: Changes in buoyancy during an animal’s time at sea are a powerful tool for inferring
spatial and temporal foraging success. Buoyancy can be difficult to measure, but in some species of
seal, drift components of dives can be used. We used swim speed data from adult female southern
elephant seals Mirounga leonina using geo-locating velocity-time-depth recorders during 2004 postlactation (PL; n = 7) and 2002, 2004 and 2005 post-moult (PM; n = 18) foraging trips to detect periods
of passive drifting during diving. In addition to the characteristic drift dives of elephant seals, drifting
also occurred during putative foraging dives. We used generalised linear models (GLMs) to examine
the relationship between body lipid content measured on land and several diving variables collected
within a week of these measurements being taken. The strongest support (deviance explained =
90%) was for the model including drift rate (77%), seal length (12%) and descent rate (2%). Estimates of body lipid, based on the GLM, were predicted for each day of the foraging trips. Areas
where seals increased their relative lipid content from one day to the next corresponded well with
areas in which the seals spent the greatest amount of time. Inferring foraging success from positive
changes in drift rate has so far been limited to elephant seals which perform characteristic drift dives,
but the addition of swim speed data to detect short periods of stationary behaviour allows for this
method to be expanded to a greater range of ocean predators.
KEY WORDS: Foraging success · Buoyancy · Lipid content · Mirounga leonina · Southern Ocean ·
Swim speed · Antarctica
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INTRODUCTION
Apex predators are thought to play key roles in
determining marine food web structure and ecosystem dynamics (Pace et al. 1999, Bascompte et al. 2005,
Myers et al. 2007), although generally little is known
about where and when such predators encounter and
capture prey. Such spatially explicit information is
fundamental for modelling the trophic structure of
marine ecosystems (Constable et al. 2000, Thomson et
al. 2000) because estimates of the spatial and temporal variation in prey consumption are required to predict energy flow through the food web (Hindell et al.
2003).

Given the difficulty of directly observing marine
predator foraging behaviour, many proxies have been
developed to infer foraging activity, e.g. movement
pattern analysis (Le Boeuf et al. 2000, Pinaud &
Weimerskirch 2005, Fauchald & Tveraa 2006, Tremblay et al. 2007) and spatially explicit time summaries
(Bost et al. 1997, Guinet et al. 2001, Hindell et al. 2003,
Bradshaw et al. 2004). Although such broad-scale
inferences of foraging behaviour are useful, they do
not necessarily provide good approximations of where
foraging is successful (i.e. prey is ingested). Prey ingestion has been estimated for a number of marine predators by measuring changes in stomach or oesophageal
temperature (Bekkby & Bjorge 1998, Lesage et al.
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1999, Charrassin et al. 2001, Austin et al. 2006, Horsburgh et al. 2008), monitoring jaw movements using
intra-mandibular angle sensors (Wilson et al. 2002,
Simeone & Wilson 2003, Liebsch et al. 2007) or by
video and image recording (Davis et al. 1999, Bowen et
al. 2002, Hooker et al. 2002, Sato et al. 2002). However,
stomach temperature and mandibular-angle telemetry
is restricted by the difficulty of ensuring the sensors
remain in or on the animal for sufficient duration (Wilson et al. 1998, Austin et al. 2006) to infer foraging success over broad spatial and temporal scales. Similarly
for video and image recording, the requirement for
large onboard memory limits the ability to obtain
enough data over longer time scales. Correlating these
direct measures of feeding with behavioural variables
such as burst of swim speed or dive depth profile undulations recorded by time-depth recorders can also be
used as proxies for feeding (Simeone & Wilson 2003,
Bost et al. 2007, Hassrick et al. 2007, Horsburgh et al.
2008), but none of these methods can estimate potential energy assimilation (Biuw et al. 2003).
An alternative approach is the inference of foraging
success based on surrogate measures of in situ body
composition (Biuw et al. 2003, 2007, Bailleul et al.
2007). During their time at sea, many marine mammals, and particularly phocid seals, accumulate large
quantities of prey-derived lipid (Fedak et al. 1994)
which they store in body tissues, the majority (~84%)
of which is stored in the blubber (Slip et al. 1992). On
land, changes in body composition can be measured
with relative ease (Boyd et al. 1993, Beck et al. 2000,
Field et al. 2007), allowing for an estimate of gross
body condition and mass gain over entire foraging
trips. However, for species migrating long distances
and spending months at sea (e.g. elephant seals
Mirounga spp.), estimates of average mass/fat gain
from onshore measurements necessarily assume a constant rate of gain over the interval investigated. This is
unrealistic because there will inevitably be periods of
loss and gain throughout the time at sea as predators
fail or succeed in finding and exploiting prey patches
of variable quantity and quality (Biuw et al. 2007).
Fluctuations in body composition at sea lead to measurable fluctuations in buoyancy, which can be
detected in an individual’s diving behaviour (Crocker
et al. 1997, Webb et al. 1998). In pinnipeds, buoyancy
is determined largely by the relative proportions of
lipid and lean body tissue (Webb et al. 1998, Beck et al.
2000); individuals with a high lipid:lean tissue ratio are
more buoyant than individuals of similar mass but with
lower proportional lipid stores (Beck et al. 2000, Biuw
et al. 2003). To date, changes in buoyancy have been
estimated from drift dives identified from time-depth
profiles indicating the cessation of active swimming
and passive vertical drift in the water column (Crocker

et al. 1997). In elephant seals, drift rates have been
used successfully as proxies for relative body composition changes in free-ranging individuals (Biuw et al.
2003), providing a time series of foraging success
throughout an individual’s time at sea (Biuw et al.
2003, 2007, Bailleul et al. 2007).
Past studies have assessed drift dives using visual
classification (Hindell et al. 1991b, Crocker et al. 1997,
Le Boeuf et al. 2000). Whilst visual classification of drift
dives probably has a low error rate given the dives’ relatively characteristic and simple shape, it is not feasible for large datasets. Although statistical classification
methods (Le Boeuf et al. 1992, Schreer & Testa 1995,
1996, Schreer et al. 1998, Lesage et al. 1999, Baechler
et al. 2002) or automated approaches to detect the
putative drift phase (Biuw et al. 2003, 2007, Bailleul et
al. 2007) can be employed, these methods may be
prone to large errors.
In the present paper we identified drift dives made
by adult female southern elephant seals Mirounga
leonina using the independent variable of swim speed.
Swim speed data from archival-tag turbines can identify periods of drift with more certainty than using dive
shape alone, so these can be used to assess the
changes in buoyancy that reflect changes in relative
body lipid. We (1) used swim speed data collected via
geo-locating velocity-time-depth recorders (VTDR)
deployed on adult female seals during post-lactation
(PL; n = 7) and post-moult (PM; n = 18) foraging trips to
detect drifting and, thus, measured relative buoyancy,
(2) developed a model predicting relative body lipid
content throughout the course of the foraging trip
using drift rate, other behavioural measurements and
onshore estimates of body composition to quantify
periods of relative lipid loss and gain, (3) assessed the
temporal resolution over which relative body composition can be estimated, (4) allocated relative foraging
success temporally and spatially during the 2 separate
periods of foraging and (5) described the behavioural
characteristics of the drifting dives and the temporal
patterns in the changes in drift rates and relative body
lipid content.

MATERIALS AND METHODS
Data collection. We instrumented known-age (born
in 1993 and 1994) adult female southern elephant seals
from Macquarie Island (54° 35’ S, 158° 58’ E) with
VTDRs (Wildlife Computers MK8) prior to the 2004 PL
(n = 12) and 2002 (n = 14), 2004 PM (n = 16) and 2005
(n = 4) foraging trips. Seals were captured, sedated,
weighed (±1 kg), measured (±10 mm) and assessed for
body composition (using blubber depth measurements
and other morphometric measurements) following the
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procedures outlined in Field et al. (2002). This was
done on 2 occasions for each seal during the period
ashore for breeding: (1) within 24 h post-parturition, (2)
21 d after parturition and on 2 occasions during the
period ashore for moulting, (3) within 4 d of arrival premoult and (4) within 4 d of departure at the end of the
moult. We did this to obtain an arrival and departure
mass for each seal. The VTDRs were attached to the
pelage above the shoulders following the procedures
outlined in Hindell & Slip (1997) and sampled time,
depth, light level, revolutions of a flow-driven turbine
mounted on top of the instrument and temperature
every 30 s for the duration of both foraging trips. Daily
at-sea positions were derived from the logged light
levels using geo-location software provided by Wildlife
Computers (WC-GPE: Global Position Estimator Program Suite). Positions were filtered using the interactive filter of McConnell et al. (1992). Speed was
derived from the logged revolutions of the turbine
using the post hoc calibration method outlined in
Fletcher et al. (1996).
Data extraction and dive selection. Raw data from
the VTDRs were extracted using software provided by
Wildlife Computers. Summary parameters for each dive
were then calculated using ‘DIVE’, a custom diveanalysis program (Stuart Greenhill, Murdoch University). These parameters included maximum depth (m),
duration (min), total mean speed (m s–1), descent speed,
ascent speed, descent rate (vertical distance t –1), ascent
rate, descent angle, ascent angle and the vertical and
horizontal distances travelled during ascent and descent. Drift components were defined as periods when
the turbine was stalled, thus giving a swim speed reading of 0 m s–1 (Fig. 1). Even though the animal was unlikely to be completely stationary relative to the surrounding water, stall speed effectively indicates no (or
minimal) active propulsion. We further only used drift
components that occurred at depths > 50 m to ensure
minimal effects of residual air in the lungs affecting
buoyancy (Biuw et al. 2003) and drag resistance because hydrostatic pressure reduces air volume (Miller
et al. 2004) to negligible quantities below these depths
(Biuw et al. 2003). The analysis was further restricted
by only using drifting periods lasting longer than 3 min
because a minimum of 6 consecutive records was
needed to estimate drift rate accurately. Drift rate was
calculated as the mean of the difference between each
of the depths within each drift component divided by
the sampling rate. There was often more than one drift
component per dive, and all of these components were
used in the analysis rather than calculating a mean drift
rate per dive.
Speed sensor failures occurred occasionally and predominantly at the start of the trip when turbines were
temporarily blocked by accumulated beach sand. We
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identified blockages by examining the total mean
speed for all dives (not just the drift component); when
these were zero, it was clear the turbine was blocked.
A small number of these blockages occurred during
the trip, presumably as a result of flotsam or large particulates becoming lodged in the turbine. There was no
evidence to suggest progressive clogging and it
appeared that the small number of blockages was
cleared quickly. We omitted these periods of blockage
from analysis.
Lipid content and relationship to drift rate. Total
blubber mass at each capture was estimated using
length, mass and blubber thickness measurements
(details provided in Field et al. 2002). We surveyed the
study area daily to determine arrival and departure
dates, and seals were captured as close to these dates
as possible. All body composition measurements were
corrected for any small discrepancies between
arrival/departure date and capture date assuming a
constant rate of mass and blubber loss during the haulout period. Two mass loss equations were derived, one
for the moulting season (which was also used for the
pre-parturition period) and the other for mass loss during lactation:
MML (moulting mass loss) = mean [(MM1 – MM2) (d2 – d1)–1]
MBL (breeding mass loss) = mean [(MB1 – MB2) (d2 – d1)–1]
where MM1 = mass at first capture (start of moult),
MM2 = mass at second capture (end of moult), d1 = first
capture date, d2 = second capture date, MB1 = mass at
first capture (start of breeding) and MB2 = mass at second capture (end of breeding). We then used these
equations to derive the arrival mass (MA) and departure mass (MD) in the moulting season as:
MA = MM1 + [MM1 × (d1 – dH) × MML]
MD = MM2 – [MM2 × (d3 – d2) × MML]
where dH = haul-out date and d3 = departure date. To
derive MA in the breeding season, we first calculated
the mass lost between d1 and the parturition date (dP):
MP (parturition mass) = MB1 + [MB1 × (d1 – dP) × MBL]
followed by an estimate of mass loss for the period
between parturition and haul out, including the mass
of the female’s pup:
MA = MP + [MP × (dP – dH) × MML] + pup mass
Departure mass in the breeding season was calculated as:
MD = MB2 – [MB2 × (d3 – d2) × MBL]
We used a different equation for the period between
haul out and parturition (gestation) compared to the
period between parturition and capture (lactation)
because lactation in mammals is more energetically
expensive than gestation (Gittleman & Thomson 1988).
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Fig. 1. Mirounga leonina. Examples of southern elephant seal dives with drifting components. s , speed (m s–1); d, depth (m).
(a) Drift dive identified from the beginning of a post-moult foraging trip when the seal was negatively buoyant during the
drift phase, clearly identifiable by the measurement of zero swim speed during the passive drift component. Dive depth and
swim velocity were recorded every 30 s. (b) Drift dive identified from late in the post-moult foraging trip when the seal was
positively buoyant during the drift phase. (c) A dive with multiple drift phases. (d) A putative foraging dive with drift components.
Note: 0 m s–1 on the graph denotes any speed ≤ the stall speed of the instrument

Explaining variation in body composition. To
explain variation in the log of body lipid content during
the initial and final stages in each foraging trip, we
constructed a suite of general linear models (GLMs)
with a Gaussian distribution and an identity link using
the log of percentage body lipid content (as estimated
from onshore measurements) as the response variable,
and drift rate (the drift rate of the first and last dive at
the beginning and end of each foraging trip), descent
rate, descent angle and seal length as potential correlates. We selected the first and last drift dive of the trip
because the buoyancy and thus body composition
inferred at these stages will be most indicative of the
seals’ actual body composition at arrival and depar-

ture. Models were compared and ranked according to
Akaike’s Information Criterion corrected for small
sample size (AICc) (Burnham & Anderson 2002), and
predictions were made using information–theoretic
model averaging (Burnham & Anderson 2002).
Predicting body composition changes. Due to the
large number of data and high variation within a day,
we fitted a median smoothing spline to the data. We applied a constrained quadratic regression B-spline from
the COBS library in the R Package (R Development
Core Team 2007) to the pattern of change in the relative
body lipid content (derived from the model) over the
foraging trip. The spline was constrained in that it fitted
the median estimation of the response given the covari-
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Eight of the seals with VTDRs were not relocated
after deployment, and instruments malfunctioned for
another 11 deployments. This left 25 deployments for
which we obtained data (18 PM; 7 PL). We obtained
complete diving records (i.e. from entire foraging trips)
from all but one of these (the VTDR ceased functioning
1 mo prior to returning to Macquarie Island). Based on
arrival and departure dates, the mean foraging trip
duration was 68.6 ± 12.1 d and 234.4 ± 6.0 d for the PL
and PM trips, respectively.

lowed by a period of rapid ascent, and some of these
may have more than one drifting component (Fig. 1c).
However, swim speed data indicated that not all dives
with drift components had these distinctive profiles.
Rather, drift components were also found within putative foraging dives (Hindell et al. 1991b) during the
downward (Fig. 1d) and upward ‘wiggles’ of the characteristic bottom phases of these dives.
There were some obvious differences between PM
and PL for the parameters measured for drifting behaviour (Table 1). Most notably, dives with drift components comprised 5.53 ± 4.58% of the total number of PL
dives and 23.95 ± 9.68% of all PM dives. During PM
there was a large, general increase in drift rate
(Fig. 2a,b & Fig. A1, available in the online appendix at
www.int-res.com/articles/suppl/m370p249_app.pdf)
with drift rate increasing from 12.4 ± 8.6 d after departure and reaching positive values at 84.5 ± 27.9 d. All
individuals decreased drift rate from 40.4 ± 24.6 d
before the end of the PM trip (Fig. A1). There was a
large range in the number of days spent in positive
buoyancy (where drift rates were positive) (range = 2
to 143; 68.5 ± 54.0 d). All PL records demonstrated an
increasing trend in drift rate while at sea after initially
declining for the first 7.9 ± 7.0 d after departure
(Fig. 3c,d, & Fig. A2 in the online appendix). No individuals achieved positive drift rates during PL. Four of
the 7 PL seals showed a small decrease in drift rate in
the final 6 to 8 d of the trip, while the other 3 seals
maintained their drift rate or increased it until the trip’s
end (Fig. A2). Descending drifts comprised 59% of all
drifting dives during PM and 100% during PL.

Drift diving behaviour

Predicting lipid content

A typical drift dive (Crocker et al. 1997, Biuw et al.
2003) consists of a period of relatively rapid descent
followed by a passive drift phase of slow, constant
descent (Fig. 1a) or ascent (Fig. 1b). This is then fol-

We measured the onshore body composition of seals
on 47 occasions, either only at departure from (n = 4),
or only return to Macquarie Island (n = 3) or both (n =
40) at (1) parturition or the following day, (2) an aver-

ate. In this case the response was lipid content as predicted from the above models and the covariate was
calendar date. The function’s roughness was controlled
by the number of internal knots rather than a smoothing parameter λ. The number of knots was chosen via
the automated knot selection procedure in which COBS
uses a stepwise knot deletion and addition process and
then makes adaptive choices using an information criterion (He & Ng 2006). Spline functions were fitted to
the time series of relative body lipid content for each
seal using all the available data (all drift components).
These fitted values were then summarised for each day
of the foraging trip. Hence, we could calculate the direction of change in the body lipid content between
consecutive days. Based on the direction of change in
the proportion of body lipid from day i to i + 1, we allocated a value of relative change in body lipid for each of
the daily locations during a seal’s time at sea.

RESULTS

Table 1. Mirounga leonina. Aspects of drifting dive behaviour in southern elephant seals. PM = post-moult trip (February to
September) 2002, 2004 and 2005; PL = post-lactation trip (October 2004 to January 2005). Data are means and SD for whole
foraging trips. Starting depth = the mean starting depth of the drifting component in a drifting dive (1st component if there was
more than one), drifting dive duration = the mean duration of drifting dives, drifting duration = the mean duration of the drifting
component of drifting dives, dives bout–1 = the mean no. of drifting dives that occurred in a bout of drifting dives, bouts d–1 = the
mean no. of bouts of drifting dives that occurred per day, % with >1 components = the mean no. of drifting dives that had more
than 1 drifting component, % dives in bouts = the mean percentage of drifting dives that occurred in bouts compared to
those that occurred singly
% dives
with drift
PM 24.0 ± 9.7
PL 5.5 ± 4.58

Starting
depth (m)

Maximum
depth (m)

Drifting dive
duration (min)

Drifting
duration (min)

Dives
bout–1

Bouts
d–1

332.7 ± 56.2
280.2 ± 41.1

431.7 ± 51.0
422.6 ± 54.5

37.2 ± 3.5
24.1 ± 4.5

11.8 ± 1.7
7.5 ± 1.6

5.4 ± 5.6
3.3 ± 1.6

2.3 ± 1.4
1.3 ± 0.6

% with >1 % dives in
components
bouts
32.2 ± 9.8
4.1 ± 3.1

88.9 ± 4.6
77.0 ± 11.6
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age of 2.9 ± 2.3 d prior to departure at the end of lactation, (3) an average of 0.8 ± 1.4 d after arrival at moult
and (4) an average of 2.7 ± 3.1 d prior to departure at
the end of the moult. The first and last drift dives in
each seal’s record was within 2.31 ± 2.43 d of arrival
and departure, respectively. Body composition values
for the start and end of each foraging trip are summarized in Table 2. Over 90% of the deviance (%DE) in
the proportion of body lipid was explained by a GLM
including drift rate, descent rate and seal length
(Table 3). Other variables such as descent speed, mean
total speed and drift duration only contributed an additional <1%DE and so were not included in the final
predictive model. We also initially constructed general
linear mixed-effects models (GLMM) with individual
coded as a random factor because each individual provides data from the both the beginning and end of the

foraging trip (repeated measure). However GLMMs
did not modify the model ranking and the %DE, so we
used the GLM results exclusively. Most variation was
explained by drift rate (77%); thus, fatter seals were
more buoyant (slower drift rate) than leaner seals
(Fig. 3). Another 12% was explained by seal length
(Table 3). Comparing the modelled arrival fat with the
measured fat content gave a mean percentage error for
the PM and PL trips combined of 5.49 ± 3.79% or a
mean difference of 1.25 ± 0.90% lipid (Table A1 in the
online appendix).

Temporal resolution
The mean number of spline knots (where a detectable change in relative body lipid content occurred)
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Fig. 2. Mirounga leonina. Predicted body lipid content from the GLM plotted against time for 2 seals from the post-moult
(PM, a,b) and 2 seals from the post-lactation (PL, c,d) foraging trips. Drift rate is plotted on the right hand y-axis. Spline fit
(black line) and spline knot placements (vertical dotted lines) are shown
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Table 2. Mirounga leonina. Change in body mass, estimated lipid mass and proportion of lipid by mass for each of the 2 annual haul-out periods for adult
female southern elephant seals

Percentage of body lipid by mass

N
Mass
Estimated lipid Mean % lipid
(no. of ind. (mean ± SD)
mass (kg)
by mass
measured)
Post-lactation trip
End of breeding
Start of moult

7
5

362.9 ± 75.1
465.2 ± 49.1

78.2 ± 28.9
106.1 ± 16.4

21.02 ± 3.70
22.76 ± 2.00

Post-moult trip
End of moult
Start of breeding

18
17

355.5 ± 36.8
627.89 ± 79.6

73.8 ± 13.0
165.0 ± 32.3

20.71 ± 2.13
26.07 ± 2.28

255

selected for the relationship between
predicted body lipid and time using
the information criterion was 11.0 ±
1.9 for PM and 3.6 ± 1.3 for PL (Fig. 2
and Figs. A1 & A2). The mean time
between knots was 23.0 ± 4.9 d (mean
min. = 7.8 ± 2.5 d) for PM and 30.0 ±
14.1 d (mean min. = 25.2 ± 16.6 d) for
PL. This value indicates the minimum
number of days over which a change
in predicted lipid content can be
detected.

Temporal and spatial patterns in relative body lipid
changes

30

25

20

–0.4

–0.3

–0.2

Drift rate (m

–0.1

s–1)

Fig. 3. Mirounga leonina. Linear relationship between drift
rate (first and last drift dive of foraging trip) and the corresponding proportion of total body lipid by mass (departure
and/or arrival) calculated for n = 26 female southern elephant
seals. Least-squares linear line of best fit is shown (R2 = 0.72)

Table 3. Mirounga leonina. Ranked generalized linear models
of proportion body fat explained by drift rate, descent rate
and body length (n = 37 seals). Shown are the percent deviance explained in the response (%DE), change in Akaike’s
Information Criterion corrected for small samples relative to
the top-ranked model (ΔAICc) and AICc model weights (wi)
Model

%DE

ΔAICc

wi

Drift rate + descent
rate + length
Drift rate + length
Drift rate
Drift rate + descent angle
Drift + descent rate

90.28

0.00

0.74

88.73
76.61
77.85
77.75

2.07
23.58
24.38
24.53

0.26
< 0.01
< 0.01
< 0.01

Drift rate decreases at the start of PL corresponded to
a small loss of 0.3 ± 0.3% of their initial proportional body
lipid. For 4 seals showing drift rate decreases towards the
end of the PL trip, this period corresponded to a loss of
0.9 ± 0.2% of their proportional body lipid. The remaining 3 seals maintained their relative body lipid or gained
up until the end of their trips. The maximum percentage
of body lipid reached by PL seals was 24.1 ± 2.0%
(Table A1). Drift rate decreases at the start of PM corresponded to a loss of 1.1 ± 1.2% of initial proportional
body lipid. Maximum relative lipid content was attained
129.0 ± 50.4 d into the PM trip (corresponding to a
max. % body lipid = 32.7 ± 3.2%; Table A1). Drift rate
decreases at the end of the PM trip corresponded to a
3.8 ± 3.2% loss of proportional body lipid.
Losses in relative body lipid during PM at the start
and end of the foraging trips often corresponded to
part or all of the inward and outward travelling phases
away from and to Macquarie Island (Fig. 4). The duration of time in which relative lipid was lost was often
shorter than the entire outward travelling phase, suggesting successful foraging during part of these travelling phases. Lipid loss at the end of a trip almost always
corresponded to the return to Macquarie Island. In PM,
most time spent was in the north of the Ross Sea in the
pack-ice zone, off the coast of east Antarctica and
below the Antarctic Polar Front (APF) west of Macquarie Island (Fig. 5). The highest number of days
where seals increased their body lipid corresponded to
these same regions (Fig. 5). In PL, most time spent was
within the major Antarctic Circumpolar Current (ACC)
fronts (more specifically in the Polar Frontal zone and
Sub-Antarctic zone, east and west of Macquarie
Island). There was also a reasonable amount of time
spent just below the Southern Boundary of the ACC,
ca. 160° S latitude (Fig. 5). Again, the highest number
of days where seals increased their body lipid corresponded to these same regions, and a linear regression
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Fig. 4. Mirounga leonina. Relationship between distance from Macquarie Island and relative body lipid content for post-moult
seals. s : gaining relative body lipid; d: loss of relative body lipid

showed a positive relationship between time spent in
100 × 100 km grid cells and the number of days gaining
condition in these same grid cells (PM; R2 = 0.70, p <
0.001 and PL; R2 = 0.62, p < 0.001).

DISCUSSION
Our analysis is the first to allocate spatial and temporal estimates of relative body composition derived from
drifting behaviour in a marine predator, thus identifying where and when prey acquisition occurs in the
Southern Ocean. Even though regular drift diving in
pinnipeds has only been observed in elephant seals
(Hindell et al. 1991b, Crocker et al. 1997, Biuw et al.
2003) and New Zealand fur seals (Page et al. 2005), our

observation of drifting during dives not normally considered as ‘drift’ dives (Fig. 1d) highlights the utility of
using speed data to identify periods of drifting for any
diving vertebrate which ceases active swimming during part of its dive. Most seals and some cetaceans
investigated to date use a variety of locomotor activity
including continuous stroking, burst and glide and
prolonged gliding (Williams et al. 2000, Nowacek et al.
2001, Sato et al. 2003, Miller et al. 2004, Watanabe et
al. 2006), and indeed Miller et al. (2004) used 3-axis
accelerometers to measure periods of gliding in sperm
whales and fit a model of drag and buoyancy forces
acting on them. Such technology expands the method
of monitoring changes in relative body composition
using changes in buoyancy to of a range of marine
vertebrates.
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Fig. 5. Mirounga leonina. (a,b) Time spent within 100 × 100 km grid cells for (a) post-moult and (b) post-lactation seals, and (c,d)
number of days spent increasing relative body lipid (thus representing areas where seals increased their relative body lipid) in
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The application of relatively simple behavioural and
morphological measurements taken from archival tags
and onshore captures can reveal important information regarding the timing and location of relative
foraging success in wide-ranging diving predators.
Although more direct measures of foraging success
have been applied to other marine mammals (e.g.
Austin et al. 2006) and seabirds (e.g. Simeone & Wilson
2003, Weimerskirch et al. 2005), the approach we describe is the only one currently available that provides
a measure over broad spatial and temporal scales. Spatial allocation of relative foraging success determined
using drifting dives incorporates more than a simple
index of prey acquisition; it also combines nutrient assimilation and concomitant changes in total body com-

position (density). As such, it is a potentially truer expression of foraging success because it summarises information on hunting success through to lipid storage.

Limitations of method
Drifting rates do not necessarily reflect absolute
changes in lipid composition even though they can
provide good estimates of relative lipid content (Biuw
et al. 2003). The way in which energy use and storage
is regulated depends largely on an individual’s current
physiological state and energy deficit; therefore,
changes in relative body composition depend on an
individual’s foraging success and on its current body
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state and energy requirements. This is particularly
important during periods ashore for breeding and
moulting when seals expend energy and material
stored over the course of the foraging trip (Fedak et al.
1994). Although lipid is the primary fuel for these periods ashore, protein is also lost (Fedak et al. 1994) and
must be recovered. Thus, the drift rate decreases we
note at the start of female foraging trips may be at least
partially associated with lean tissue recovery rather
than lipid depletion alone. We acknowledge this limitation of interpreting buoyancy decreases, particularly
early in a trip and at the end of the PM trip, when protein deposition occurs from the presence of the almost
full-term foetus. However the converse is not so
ambiguous; buoyancy increases are due mainly to lipid
assimilation rather than protein depletion, as there is
no physiological reason that a seal would deplete protein stores whilst foraging. This assumption is supported by the positive relationship between lipid
assimilation (as inferred from drift rate) and time spent
in foraging areas.
The proportion of dives containing a drift phase during PL was similar to that described for northern elephant seals Mirounga angustirostris by Crocker et al.
(1997); however, we determined that there were considerably more dives with drift components in southern
elephant seals than northern elephant seals during the
PM foraging trip (24% for M. leonina versus 7% for M.
angustirostris). Le Boeuf et al. (2000) found that the
proportion of drift dives doubled once M. angustirostris
attained foraging areas; we found that M. leonina
quadrupled this proportion after the travelling phase
(Fig. 4). This higher value is most certainly due mainly
to the different approach used here to identify drift
components. Swim speed data highlighted many more
drift components in several dive types (i.e. not just classic drift dives) which would not have been detected by
examining the shape of the putative drift segment used
by Crocker et al. (1997) and Le Boeuf et al. (2000). We
discovered drifting behaviour on both the ascent and
descent of the bottom ‘wiggles’ of putative foraging
dives depending on whether a seal was positively or
negatively buoyant. We contend therefore that drifting
behaviour is more common than previously thought,
highlighting the importance of collecting speed or acceleration data to detect drifting. This suggests that
drifting may have multiple functions in addition to the
rest or food/lactate processing role previously proposed
by Crocker et al. (1997). Other functions may include
energy conservation in long foraging dives or even a
part of hunting tactics (e.g. prey-stalking behaviour).
Changes in buoyancy generally correlate well with
changes in body composition in phocids (Hindell et al.
1991a, Crocker et al. 1997, Webb et al. 1998, Beck et al.
2000, Irvine et al. 2000, Biuw et al. 2003). The unex-

plained variation in our GLM may derive, in part, from
changes in drift rate associated with fine-scale temporal variation in body density, drag and body angle during ascent/descent (Biuw et al. 2003). Indeed, the addition of seal length (an index of body size independent
of short-term fluctuation in mass) improved the fit by
12%, which can be explained by the increased drag of
longer bodies with greater surface area (Vogel 1981,
Schmidt-Nielsen 1997). Of the various sources of error
affecting the estimation of buoyancy and body composition, drag is certainly the most important; indeed,
variation in drag force can leading to errors ≥10%
(Biuw et al. 2003). Drag force is also expected to vary in
response to postural changes during drifting (Biuw et
al. 2003), although our predictions of body lipid content based on drift rate and body length were still
within 1.25 ± 0.90% of estimated values. Vertical currents may also affect drift rates, but few data exist to
predict the magnitude of this potential source of error.

Temporal resolution of relative body lipid changes
Small changes in body composition and behaviour
when seals are close to neutral buoyancy produce
large changes in drift rate (Biuw et al. 2003), an observation that may explain much of the variability within
a dive and between dives in PM trips (Figs. 3 & A1).
The smoothing spline fits demonstrated that there
were fewer fluctuation points in the PL trips and that
there was a detectable change in body lipid content
every 23 d during the PM, and every 30 d during PL,
trips. The number of days between each fluctuation
point was variable, particularly during PM (min. time
over which a change was detectable = 6 d), a resolution
supported from previous analyses (Biuw et al. 2003).
Such a resolution is to be expected given that daily
lipid gain is probably small in proportion to the large
lipid store carried by the seal (Biuw et al. 2003).

Temporal pattern in relative body lipid changes
Greater relative lipid loss during the outgoing
(migration) phase of the PM trip may be explained by
the greater distance required to reach foraging areas
at that time (Bradshaw et al. 2003), or it is possibly
related to protein deposition as discussed earlier. PM
seals also lost more relative lipid at the end of the foraging trip (4 ± 3%) compared to PL individuals (0.9 ±
0.2%). The magnitude of this difference is possibly
related to protein deposition resulting from the presence of a rapidly growing foetus (which is comprised
mainly of non-lipid tissue, Hindell et al. 1994) in the
latter stages of pregnancy (Crocker et al. 1997). We
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have also contributed to differences in relative body
composition. Fish prey, including larger species within
the Notothenidae and Moridae, are an important component of seal diets when they travel to their more
southerly ranges; this contrasts with the more squiddominated diets of seals foraging within the more
northerly sub-Antarctic waters (Bradshaw et al. 2003).
There was good agreement between the spatial
summaries of time spent and lipid gain, supporting the
use of drift rate data for inferring foraging success. The
real strength of drift rate data is that it can be
expressed as both a temporal (unlike time-spent spatial summaries) and spatial series, enabling foraging to
be examined along a movement path. Temporal and
spatial allocation of relative body composition estimates derived from drifting behaviour in a wide-ranging marine predator provides a clearer understanding
of elephant seal prey consumption patterns. In addition, it highlights another approach to quantify energy
assimilation patterns for other species. With the accumulation of similar data from other species exploiting
different prey communities, the use of passive vertical
drifting rates can provide important additional information to derive more realistic models to estimate
energy flow and trophic structure of the Southern
Ocean ecosystem.

accounted for the 2.0 ± 0.3% adjustment to a mother’s
lipid content at arrival based on her pup’s lean mass,
indicating that body density changes near the end of
the PM trip are not explained by lipid loss alone; it also
incorporates body composition changes due to higher
proportional lean tissue associated with foetal growth.
Other determinants of reduced relative lipid composition include (1) recovery of lean tissue losses from
breeding, (2) the allocation of relatively more energy to
the growing foetus, (3) rapid transit to and from breeding and moulting sites taking precedence over feeding
(Crocker et al. 1997, Biuw et al. 2003) and (4) transit
occurring in relatively resource-poor waters. Given
that the seals examined here were mature adults that
demonstrate limited somatic growth, we do not consider developmental growth of lean body mass to be a
large determinant of drift rate changes.

Spatial pattern in foraging success
During the PM trip, few increases in body lipid content occurred within the major oceanic frontal systems
characterizing the region. Instead, seals travelled
directly to their principal foraging areas which were
mostly below the Southern Boundary of the ACC, in
the sea-ice zone, including the northern part of the
Ross Sea and along the continental shelf and shelf
break of East Antarctica (cf. Biuw et al. 2007). In contrast, PL foraging seals spent the majority of their time
and increased body lipid most rapidly within these
frontal zones (in the Polar Frontal and Sub-Antarctic
zones). These results are consistent with past studies
that have found associations of PL seals with the major
frontal systems of the region (Hindell et al. 1991b,
Bradshaw et al. 2003, 2004, Bailleul et al. 2007). It is
thought that higher temperature gradients within
frontal systems are associated with higher relative productivity than surrounding areas (Rintoul et al. 2001).
Bailleul et al. (2007) found that PM southern elephant
seals originating from Îles Kerguelen (south Indian
Ocean) foraged successfully along the Polar Front
where surface waters tended to be warmer. Likewise,
PM seals originating from Macquarie Island foraging
within the Ross Sea tended to favour warmer waters
near sharp discontinuities in temperature and salinity
(Biuw et al. 2007).
We suggest that PL seals cannot travel as far south as
PM seals due to time constraints; the PL trip lasts ca.
73 d relative to the average 240 d of the PM trip (Hindell & Burton 1988). The function of each trip also differs; PM foraging serves to accrue energy for pup
growth and lactation and requires about twice as much
energy as the moulting process (Boyd et al. 1993). Prey
differences associated with particular regions may
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