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Summary
1. Identiﬁcation of foraging behaviour and the ability to assess foraging success is critical to
understanding individual and between-species variation in habitat use and foraging ecology. For
pelagic predators, behaviour-dependent foraging metrics are commonly used to identify important
foraging areas, yet few of these metrics have been validated.
2. Using the northern elephant seal as a model species, we validated the use of a behaviour-independent measure of foraging success (changes in drift rate) at the scale of the entire
foraging migration, and then used this to assess a variety of common foraging metrics that are
based on movement patterns and dive behaviour. Transit rate consistently provided the best
estimate of daily foraging success, although the addition of other metrics provides insight into
different foraging behaviours or strategies.
3. While positive changes in buoyancy occurred throughout most of the migrations, implying successful feeding across much of the north Paciﬁc, the areas of most rapid changes in buoyancy
occurred along a latitudinal band (40–50 N) corresponding to a dynamic hydrographic region
including Subarctic Gyre and Transition Zone waters.
4. These results support the use of transit rate as an index of foraging success: a metric that is
easily derived from tracking measurements on a wide range of marine species.
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Introduction
Spatio-temporal patterns of prey acquisition help deﬁne the
foraging ecology of marine predators; however, direct measurements of the speciﬁc behaviours associated with successful foraging are limited to a few species where direct
observation is possible (Tinker et al. 2007). Pelagic predators
are among the widest ranging on the planet and exploit prey
ﬁelds that are highly dynamic in both space and time (Polovina et al. 2001; Bakun 2006a, b; Hays et al. 2006; Sims et al.
2006). Advances in biologging have enhanced our ability to
study their movements, foraging ecology and habitat utilization (Block 2005; Hooker et al. 2007; Rutz & Hays 2009;
Bograd et al. 2010; Costa et al. 2010a, b). However, most of
these techniques rely on indirect measures of foraging behaviour such as: surface transit and turning rates (Fauchald 1999;
LeBoeuf et al. 2000), diving intensity or dive type (LeBoeuf
et al. 1988; Bost et al. 2007), space-use metrics such as fractal
*Correspondence author. E-mail: robinson@biology.ucsc.edu

dimension (Nams 1996; Laidre et al. 2004; Tremblay, Roberts & Costa 2007), ﬁrst passage time (FPT) (Fauchald & Tveraa 2003; Pinaud & Weimerskirch 2007), or utilization
distributions (Nelson et al. 2008), and inferential modelling
approaches (Jonsen, Flenming & Myers 2005; Bailey et al.
2008; Schick et al. 2008; Gurarie, Andrews & Laidre 2009).
Following optimal foraging theory (Charnov 1976), most
of these indirect measures assume prey are patchily distributed and are of similar composition in both size class and species. Unfortunately, it is quite difﬁcult to characterize prey
abundance and it is rarely done (Croll et al. 2005; Sims et al.
2006). An alternative is to use proxies of prey availability
inferred from predator movement patterns (Austin, Bowen
& McMillan 2004) and ⁄ or remotely sensed oceanographic
parameters (Polovina et al. 2001; Hays et al. 2006; Pinaud &
Weimerskirch 2007; Fossette et al. 2010). While these proxies
yield useful insights into at-sea behaviour, few of these
metrics have been validated or compared. As marine predators exhibit a complex suite of behaviours, it may be incorrect
to assume particular behaviours correspond to successful
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foraging. For example, area-restricted searching behaviour
may not accurately reﬂect prey capture or foraging effort
(Robinson et al. 2007; Weimerskirch et al. 2007).
Direct measures of foraging success such as jaw movement
sensors, stomach temperature telemeters, acoustic recorders
and accelerometers have been developed (Hooker et al. 2007;
Soto et al. 2008). These tools, particularly stomach temperature telemetry, are attractive because they are quantitative
and measure at the scale of individual capture events (Austin
et al. 2006; Kuhn & Costa 2006). While these direct measures
of foraging have been quite successful in laboratory trials,
their success in the ﬁeld has been limited to small sample sizes
and short time periods, with few measurements of complete
foraging trips (Simeone & Wilson 2003; Austin et al. 2006;
Bost et al. 2007; Horsburgh et al. 2008; Kuhn et al. 2009).
The wide-scale application of these tools remains elusive due
to limited size ⁄ battery conﬁgurations, the need to recover
instrumentation and the difﬁculty of working with some
species (Myers & Hays 2006; Fossette et al. 2008).
A different approach to monitoring foraging behaviour is
to develop metrics that are behaviour-independent and vary
in response to the animals’ body condition. Such a metric is
available for elephant seals (Mirounga spp.), as they exhibit
a unique drift-dive behaviour (Crocker, LeBoeuf & Costa
1997; Mitani et al. 2010). Brieﬂy, the seals routinely exhibit
dives in which they passively drift through the water column. The vertical rate of drift, which is easily measured
using time-depth recorder data, is related to the animal’s relative body composition (Crocker, LeBoeuf & Costa 1997;
Webb et al. 1998; Biuw et al. 2003; Thums, Bradshaw &
Hindell 2008a). As the animal feeds during a foraging
migration, the relative proportion of adipose tissue will
increase thereby increasing its buoyancy. Changes in buoyancy can be resolved to a few days to a week thus providing
an integrated measure of foraging success in a given area
(Biuw et al. 2003). While drift-dive analysis is an indirect
measure, it is the only indirect measure that changes in
response to the condition of the animal rather than its
behaviour. Drift rates can be measured concurrently with
tracking data and used to identify spatial patterns of feeding
success (Biuw et al. 2007; Thums, Bradshaw & Hindell
2008a). While this approach has been used with Southern
elephant seals (Mirounga leonina, Biuw et al. 2007; Bailleul
et al. 2008; Thums, Bradshaw & Hindell 2008a), it has yet
to be applied in a spatial context to northern elephant seals
(Mirounga angustirostris) nor has it been used to assess the
validity of other commonly used foraging metrics.
Here, we use 4 years of northern elephant seal diving and
tracking data from two colonies to develop and assess 10
indirect measures of foraging behaviour and determine how
well these correlate to changes in body condition as determined by changes in drift rate. Speciﬁcally, we address three
questions:
1. Can changes in drift rate be used to infer foraging success (relative rate of energy gain) in the northern elephant
seal?

2. Which tracking and ⁄ or diving metrics best estimate foraging success?
3. What is the spatial pattern of foraging success in northern
elephant seals?

Materials and methods
FIELD SITES AND ANIMAL HANDLING

Satellite tracking and depth-logging electronic tags were attached to
healthy adult female northern elephant seals at two breeding colonies: Año Nuevo state reserve, California, USA (37º5¢ N, 122º16¢ W)
and Isla San Benito, Mexico (28º18¢ N, 115º22¢ W). Female northern
elephant seals exhibit two foraging migrations per year: an 8-month
post-moult migration and a 2-month post-breeding migration. The
seals travel thousands of kilometres throughout the north Paciﬁc,
feeding largely in the meso-pelagic zone (LeBoeuf et al. 2000). A total
of 107 complete migratory trips were recorded at the Año Nuevo
colony from May 2004 through June 2008 and 15 were recorded from
the Isla San Benito colony from May 2005 through May 2006. These
sample sizes represent deployments for which a matched set of
diving-behaviour data and tracking data were collected over the
entire trip to sea.
Seals were chemically immobilized for instrument attachment and
recovery using standard protocols (LeBoeuf et al. 1988, 2000). Each
animal was equipped with a 0Æ5 W ARGOS satellite transmitter
(Wildlife Computers, Redmond, WA, USA or Sea Mammal
Research Unit, St. Andrews, Scotland), a time-depth recorder (Wildlife Computers) sampling at least once every 8 s and a VHF transmitter (ATS, Isanti, MN, USA).

BODY COMPOSITION

Body composition was measured at both deployment and recovery
using the truncated cones method (Gales & Burton 1987; Webb et al.
1998). Girth and length measurements were taken at eight locations
along the body. Blubber thickness was measured using a handheld
ultrasound backfat meter (Scanoprobe, Ithaca, NY, USA) at 18 locations, three per girth measurement. Mass of the seal at instrument
deployment and recovery was measured directly by suspending the
seal in a canvas sling from a tripod using a Dyna-Link scale
(1000 ± 1 kg). Instruments were attached 7Æ0 ± 5Æ0 days
(mean ± SD) prior to departure from the colony and were removed
6Æ0 ± 4Æ4 days after return to the colony. These lags were of sufﬁcient duration to warrant correction of mass and body composition
estimates. Mass of females at departure and arrival was estimated
from mass measured during deployment (or recovery) using equations derived from serial mass measurements of fasting female seals
from previous studies [mass change (kg day)1) = 0Æ51 + 0Æ0076*mass, n = 27, r2 = 0Æ79, P < 0Æ01] (Simmons et al. 2010). For postmoult recoveries, the mass of the pup at recovery was added to that
of the female. Adipose and lean tissue gain was estimated from mass
change and body composition, assuming body composition at arrival
(or departure) was similar to that during the recovery (or deployment) and that the pup at day-5 post-partum was 13% adipose tissue
(Crocker et al. 2001). Energy gain was estimated assuming that adipose tissue was 90% lipid, lean tissue was 27% protein (Crocker et al.
2001) and an energy content of 37Æ33 kJ g)1 for lipids and
23Æ5 kJ g)1 for protein. These estimates of body composition have
been validated against those from dilution of isotopically labelled
water (Webb et al. 1998).
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DATA PRE-PROCESSING
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Raw ARGOS tracking data were ﬁltered using a speed ⁄ angle ﬁlter to
remove unlikely position estimates (thresholds: 12 km h)1 and 160,
respectively). The ﬁlter also investigated the secondary position calculations reported by ARGOS and replaced the primary positions as
appropriate. The ﬁltered tracks were then used in FPT (Fauchald &
Tveraa 2003) and fractal landscape (Tremblay, Roberts & Costa
2007) calculations; both procedures output area-restricted search statistics in addition to a continuous time series of searching intensity.
For the FPT analysis, we used a custom written programme to investigate spatial scales (circle radius) in 5-km increments from 5 to
200 km. Individuals that failed to exhibit area-restricted searching
behaviour, as identiﬁed by the absence of a distinct peak in the Log[var(FPT)] plot (see Fauchald & Tveraa 2003), were not included in
this analysis.
The turning angle and transit rate estimates are both sensitive to
the frequency of ARGOS position estimates, so we used a linear
interpolation to normalize the tracking data. In the post-ﬁltered
ARGOS data set, the mean duration between positions was 6Æ67 h,
so the tracks were linearly interpolated at an 8-h frequency. Turning
angle and transit rate were then estimated from subsequent interpolated positions.
Diving data were collected at sampling frequencies between 1 and
8 s, but were subsampled to 8 s to facilitate comparison. The raw
time series of depth measurements were analysed using purpose
written software (IKNOS toolbox, Y. Tremblay, unpublished).
Identiﬁed dives were retained only if they exceeded 32 s in duration
and 15 m in depth. All dives were classiﬁed into one of four types
(transit, foraging, drift and benthic) using a custom hierarchical
classiﬁcation programme. This classiﬁcation was designed to detect
the unique characteristics of dive types as previously described
(LeBoeuf et al. 1988).
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Drift dives have been identiﬁed visually (LeBoeuf et al. 1988), using
inﬂection points (Biuw et al. 2003), velocity (Thums, Bradshaw &
Hindell 2008a), as well as several statistical approaches (Robinson
et al. 2007; Thums, Bradshaw & Hindell 2008b). We opted for an
automated approach to ensure consistency and efﬁciency. This
approach differed from the method employed by Biuw et al. (2003)
as their dive data were summarized prior to transmission to accommodate the narrow data throughput of the ARGOS system (Fedak
et al. 2002). Further, as our instruments did not measure swim velocity we could not identify drift dives as periods where forward surge
was negligible (Crocker, LeBoeuf & Costa 1997; Thums, Bradshaw
& Hindell 2008a). We developed a new approach in which the ﬁrst
derivative (vertical component of velocity) of the time-depth proﬁle
was calculated from a single dive. Then, a kernel density estimation
was used to ﬁnd both the drift rate (position of the peak) and the relative proportion of the dive spent drifting at the dominant drift rate
(height of the peak). The peak was found by estimating the density
from )1 to +1 m s)1 with intervals of 0Æ005 m s)1 and a bandwidth
of 0Æ1 (Fig. 1). As previously observed in northern and southern elephant seals, a switch to positive buoyancy was observed during the
post-moult migration (Crocker, LeBoeuf & Costa 1997; Thums,
Bradshaw & Hindell 2008a). The transition from )0Æ1 to +0Æ1 m s)1
was abrupt, representing a rate of change that was an order of magnitude larger than any other part of the record, possibly due to the
increased inﬂuence of drag as the animal approaches neutral
buoyancy (Crocker, LeBoeuf & Costa 1997). Therefore, periods near
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Fig. 1. Procedure used to analyse individual drift dives. The raw
depth values (top panel) were used to calculate vertical speed
throughout the dive (middle panel). A kernel density estimation was
used to ﬁnd the dominant drift rate (lower panel).
neutral buoyancy are likely to provide erroneously elevated rates of
lipid gain or loss. To reduce the impact of this effect, a correction was
applied to the entire data set. Speciﬁcally, 0Æ1 m s)1 was added to all
drift values < )0Æ1 m s)1, 0Æ1 m s)1 subtracted from all drift rates
> +0Æ1 m s)1, and values near neutral buoyancy were assigned a
rate of 0 m s)1. Functionally, this corrected the rates when switching
to or from positive buoyancy to a range consistent with the remainder of the record and did not impact the other parts of the record.
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DRIFT RATE VALIDATION

Drift rate has been used as a relative measure of body composition in
both the northern elephant seal (Crocker, LeBoeuf & Costa 1997;
Webb et al. 1998) and southern elephant seal (Biuw et al. 2003). This
is possible because the drift phase of drift dives is completely passive
(Mitani et al. 2010); thus, the rate of drift should correspond to the
buoyancy of the animal and this, in turn, should correspond to the
adipose: lean tissue ratio (Webb et al. 1998). To validate the use of
drift rate as a measure of foraging success in the northern elephant
seal, body composition was measured at the beginning and end of the
migration to estimate total energy gain and these values were compared to the range in drift rate values estimated from the drift dives.
Measurements were excluded if the estimated mass (from the truncated cones analysis) differed from the actual mass by more than 5%
or if the drift rate estimates were obscured by a relatively large proportion of benthic dives.

COMPARISON OF FORAGING METRICS

Daily estimates of 10 indirect foraging metrics were calculated from
the tracking and diving data (Table 1). The track-based metrics were:
FPT, fractal dimension, transit rate and turn angle. The diving-based
metrics were: number of foraging dives, activity during foraging
dives, bottom duration of foraging dives, number of wiggles during
the bottom phase of foraging dives, number of drift dives and the
mean relative proportion of the drift-dive spent drifting. The daily
rate of change in drift rate was also calculated providing a behaviourindependent basis for comparison.
The 11 foraging metrics (10 behavioural metrics plus change in
drift rate) were determined at different temporal scales and had different signal to noise ratios. For example, changes in the intensity of
foraging dives can be measured hourly and scale by more than an
order of magnitude whereas changes in drift rate can be observed on
time-scales of several days and typically vary by < c. 20% over this
period. To facilitate comparison, all indices were smoothed using a
cubic spline interpolation (split function, MatLab, The Math Works,
Natick, MA, USA), following Biuw et al. (2003). The settings for all
interpolations were identical and based on the properties of the drift
rate data set. To determine the most appropriate setting for the
interpolation (i.e. frequency of interpolant nodes), we estimated the

intra-day variability in drift rate measurements by calculating the
range in drift rates observed each day. We then compared this value
to the mean inter-day change in drift rate. The grand mean intra-day
range in drift rate values across all animals was 0Æ0488 m s)1 and the
grand mean inter-day rate of change was 0Æ0035 m s)1 day)1, thus an
average of 6Æ97 days would be necessary to detect a change in drift
rate equivalent to 50% of the daily spread in values. For the interpolation, we placed knots at a slightly more conservative 9-day interval
to extract daily estimates of the parameter; visual inspection revealed
this to be a satisfactory compromise between smoothness and overﬁtting and represents an appropriate spatial scale relative to the error
of Argos data (Bradshaw, Sims & Hays 2007). The smoothing procedure for the drift data are presented in Fig. 2.
We used linear mixed effects models (SAS Institute, Inc.) to assess
each of the foraging metrics relative to foraging success as measured
by change in drift rate with individual as the random factor. All variables were inspected for clear deviations from normality and transformed as appropriate. For each migration (post-breeding and postmoulting), a suite of 14 candidate models were selected a priori to
assess the relative importance of track- and diving-based metrics as
predictors of changes in drift rate (Table 2). Weighted AICc scores
were used to rank candidate models and assess the importance of
individual and groups of predictor variables.

Results
Of the 171 sets of instruments deployed from 2004 through
2008, a total of 122 had a complete time-depth record and a
complete satellite track. The seals migrated to foraging areas
across the northeast Paciﬁc (Fig. 3), most frequently along
the subarctic frontal zone, and exploited all of the major
hydrographic regions described previously (Simmons et al.
2010). Sample sizes by year from 2004 through 2008 were 15,
37, 29, 23 and 18, respectively. Post-breeding migrations were
limited in both duration and spatial extent relative to the
post-moult migration (Fig. 3). Several individuals from both
Año Nuevo and San Benito remained near the coast for
either extended periods or the entire migration, but the vast
majority of seals fed predominantly in the oceanic zone.
DRIFT RATE VALIDATION

Table 1. Tracking and diving-behavioural metrics used to predict
foraging success
Metric

Description

DDrift
FPT
FracD
Trans
Angle
ForagN
ForagINT
ForagBOT
ForagWIG

Daily rate of change in drift rate (m s)1 day)1)
First passage time at dominant spatial scale (days)
Daily estimate of fractal dimension (unit-less)
Transit rate (km h)1)
Mean daily turn angle (degrees)
Daily rate of foraging type dives (dives per day)
Mean activity of foraging type dives (unit-less)
Mean duration of bottom phase of foraging dives (s)
Mean number of bottom depth wiggles in
foraging dives (wiggles per dive)
Mean rate of drift type dives (dives per day)
Mean relative proportion of drift dive at
dominant drift rate (unit-less) calculated
from the peak kernel density (see Fig. 1)

DriftN
DriftINT

Fifty of the 122 data sets met the criteria for inclusion in the
drift rate validation (i.e. frequent drift diving throughout the
migration and accurate body composition estimates). These
50 data sets are representative of the entire data set, encompassing individuals from all years of study, both annual
migrations, and all major hydrographic regions (Fig. 3). The
range in drift rates measured for each individual was a signiﬁcant predictor of total energy gain, as estimated from the
body composition measured at the beginning and end of the
migrations (Fig. 4; R2 = 0Æ71, P < 0Æ001).
Estimates of the change in drift rate throughout the migrations were consistent with expected values (Crocker, LeBoeuf
& Costa 1997; Biuw et al. 2003; Thums, Bradshaw & Hindell
2008a), mean 0Æ0012 ± 0Æ0030 m s)1 day)1. Generally, the
rate of change in drift rate was lowest at the beginning and
end of the migration. Distinct variations were measured
throughout the records and were consistent with visual
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Table 2. Candidate models to predict change in drift rate from
tracking-based and diving-behaviour-based metrics of foraging
behaviour

Drift rate (m s—1)

0·4

0·2

0·0

Candidate models

Hypothesized mechanism

FPT

Higher search effort, time
in area
Higher search effort,
plane coverage
Decreased transit speed
Increased turning angle
More frequent putative
foraging dives
More active putative
foraging dives
Increased time at depth
More vertical excursions
at depth
More frequent drift
dives (food processing)
Longer relative duration
of drift dives
(food processing)
Tracking metrics
Putative foraging dive
metrics
Drift dive metrics
All diving and tracking
metrics
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migration and 0Æ0011 ± 0Æ0030 m s)1 day)1 during the
post-moult migration.
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Fig. 2. Procedure used to analyse a time series of drift dives. Raw
drift values were manually ﬁltered (top panel). Red points were
retained for the subsequent analysis. A cubic spline interpolation was
used to ﬁt the data (middle panel). The ﬁrst derivative of the spline
was calculated to determine the daily rate of change in drift rate
(lower panel). Values below zero imply a reduction in relative lipid
content, while positive values imply an increase in relative lipid
content.

inspection of the raw data. The post-breeding migration
yielded slightly faster changes in drift rate compared to the
post-moult migration (t = 5Æ858; d.f. = 3,717; P < 0Æ001).
The mean rate of change in drift rate was 0Æ0015 ±
0Æ0033 m s)1 day)1 (mean ± SD) during the post-breeding

To assess the ability of track- and diving-based foraging metrics to predict foraging success as estimated from changes in
drift rate, we used linear mixed-effects models for post-breeding and post-moulting data separately. Auto-regressive
covariance structures did not improve the ﬁt of the models.
AICc weighted model rankings indicated a better ﬁt for models containing drift-dive information (frequency or intensity)
and transit rate (Table 3). A separate ranking analysis, exclusive of models with drift diving parameters, identiﬁed transit
rate as the most important single parameter for predicting
changes in drift rate in both the post-breeding and post-moulting migrations (Table 4). FPT, frequency of foraging dives
(ForagN), intensity of foraging dives (ForagINT) and foraging dive bottom time (ForagBOT) were all signiﬁcant parameters in at least one of the global models. Although these
parameters are not part of the most parsimonious models,
they are signiﬁcant predictors of changes in drift rate.
To inspect the individual variation in the relationship of
transit rate against changes in drift rate, least-squares linear
regressions for each animal were conducted. Seventy four of
the 79 seals showed a negative relationship; ﬁfty of these were
signiﬁcant at the 0Æ05 level. Although the regression lines
from both seasons were similar, regression lines for the postmoult migration had a strong convergence between 0Æ000
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Fig. 3. Filtered ARGOS satellite tracks from 37 post-breeding (top panel) and 42 post-moult (lower panel) migrations with a matched and
complete ARGOS satellite track and time-depth recorder record. Red tracks indicate migrations that were used in the drift rate validation.

and 0Æ005 m s)1 day)1 at 2 km h)1. On average, transit rate
explained 26% of the variation in drift rate. Plots of each
foraging metric from a representative example are available
online as supporting information.

POPULATION-LEVEL FORAGING BEHAVIOUR

Daily estimated changes in drift rate for each animal were
combined across all seasons and years to create a populationlevel map of foraging success (Fig. 5). Although the most
rapid positive changes in drift rate occurred at the distal
region of each track, positive changes in drift rate were
observed throughout the distribution, implying broadly distributed prey sources. The most rapid positive changes in

drift rate occurred within a latitudinal band (40–45 N)
corresponding to a dynamic hydrographic region consisting
of Subarctic Gyre and Transition Zone waters (Roden 1991;
Longhurst 1998). The only region of consistent negative
change in drift rate occurred in animals migrating from Isla
San Benito northward through the 30–37 N latitudinal
band, possibly indicating a less productive area. This pattern
was consistent for both outbound and inbound migrations.

Discussion
We used diving and tracking data from northern elephant
seals to address three questions related to at-sea foraging success of a marine predator: (i) Can changes in drift rate be used
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Fig. 4. Change in drift rate values for 50 seals vs. total energy gain,
standardized by seal standard length (top panel). Least-squares linear
regression, R2 = 0Æ71, P < 0Æ001.

to infer foraging success (relative rate of energy gain) in the
northern elephant seal? (ii) Which tracking and ⁄ or diving
metrics best estimate foraging success? (iii) What is the spatial
pattern of foraging success in the northern elephant seal?
To address our ﬁrst question, we compared absolute
energy gain over a complete foraging migration to the change
in buoyancy and found a strong relationship. At the scale of
the entire foraging migration, change in drift rate is a strong
predictor of energy gain. This result is consistent with previous studies of both northern and southern elephant seals
(Crocker, LeBoeuf & Costa 1997; Biuw et al. 2003, 2007;
Thums, Bradshaw & Hindell 2008a). It is likely that changes
in drift rate are reﬂective of energy gain ⁄ foraging success at
smaller temporal scales as well, but this remains untested due
to the difﬁculty of acquiring direct measures of foraging
success at sea.

The measure of foraging success via changes in drift rate of
elephant seals is appealing because it requires only timedepth recorders and, as a measure of animal condition,
should be more reliable than metrics based purely on behaviour. However, there are potential errors associated with the
use of drift rate data to estimate foraging success (Crocker,
LeBoeuf & Costa 1997; Webb et al. 1998; Biuw et al. 2003;
Thums, Bradshaw & Hindell 2008a). For example, energy
gain could occur without a change in buoyancy if there were
equivalent increases in lipid and lean tissue. Lean tissue could
also be preferentially deposited, as might be the case after a
long fast, decreasing the animal’s buoyancy; this could be
interpreted erroneously as negative energy balance (Crocker
et al. 2001). Both situations result in an underestimate of
energy gain.
The growth of a fetus in many females during the postmoult migration will also cause errors in estimates of foraging success (Crocker, LeBoeuf & Costa 1997); in this study,
pup mass represented an average of 17% of the total mass
gain. Lean tissue has approximately twice the impact on
buoyancy relative to adipose tissue (Webb et al. 1998) and
if the seal maintains constant buoyancy throughout the
later stages of gestation, 34% of the total mass gained
during a migration would be adipose deposition that
merely offsets the change in buoyancy caused by a fetus.
While it is difﬁcult to differentiate between energy gain or
loss when an animal is becoming negatively buoyant, an
increase in buoyancy should only be associated with energy
gain. This is because the preferential use of protein stores is
not likely to occur in a well-insulated animal and has never
been observed in elephant seals (Pernia, Hill & Ortiz 1980;
Adams & Costa 1993). Therefore, while changes in drift
rate may not always accurately characterize foraging
success; they do provide a conservative estimate of it. This

Table 3. Akaike information criteria (AIC) ranking results for linear mixed-effects modelling of tracking-based and diving-behaviour-based
foraging indices on changes in drift rate. Ranking includes all candidate models. Bold values indicate the most signiﬁcant parameters
Post-breeding
Rank

Candidate models
FPT+FracD+Trans+Angle+ForagN+ForagINT+ForagBOT+
ForagWIG+DriftN+DriftINT
FPT+FracD+Trans+Angle
ForagN+ForagINT+ForagBOT+ForagWIG+DriftN+DriftInt
Trans
DriftN+DriftINT
DriftINT
DriftN
Angle
FPT
FracD
ForagBOT
ForagWIG
ForagINT
ForagN

1
2
3
4
5
6
7
8
9
10
11
12
13
14

AICc

Post-moulting
AIC weight

)22 697Æ7
)22
)22
)22
)22
)22
)22
)21
)21
)21
)21
)21
)21
)21

523Æ1
497Æ7
475Æ4
386Æ2
140Æ9
130Æ3
991
840Æ2
724Æ2
660Æ5
644Æ3
572
570Æ9

<
<
<
<
<
<
<
<
<
<
<
<
<

Rank

AICc

0Æ9999

1

)80 804Æ9

0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01

3
2
6
4
–
5
–
–
–
–
–
–
–

)79
)80
)79
)79
)78
)79
)79
)79
)78
)78
)78
)78
)78

850Æ3
090Æ2
372Æ5
545Æ2
512
464Æ2
167
044Æ6
884Æ4
389
313Æ2
389Æ1
357Æ9

AIC weight
0Æ9999
<
<
<
<
<
<
<
<
<
<
<
<
<

0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
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Table 4. Akaike information criteria (AIC) ranking results for linear mixed-effects modelling of tracking-based and diving-behaviour-based
foraging indices on changes in drift rate. Ranking excludes models speciﬁc to elephant seals (i.e. exclusive of models containing DriftN or
DriftINT parameters). Bold values indicate the most signiﬁcant parameters
Post-breeding
Model
FPT+FracD+Trans+Angle+ForagN+ForagINT+
ForagBOT+ForagWIG
FPT+FracD+Trans+Angle
Trans
Angle
FPT
ForagN+ForagINT+ForagBOT+ForagWIG
FracD
ForagBOT
ForagWIG
ForagINT
ForagN

Rank
1
2
3
4
5
6
7
8
9
10
11

Post-moulting

AICc

AIC weight

)22 628Æ4
)22
)22
)21
)21
)21
)21
)21
)21
)21
)21

523Æ1
475Æ4
991Æ0
840Æ2
805Æ9
724Æ2
660Æ5
644Æ3
572Æ0
570Æ9

<
<
<
<
<
<
<
<
<
<

Rank

AICc

0Æ9999999

1

)80 706Æ2

0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01

2
3
–
–
–
–
–
–
–
–

)79
)79
)79
)79
)79
)78
)78
)78
)78
)78

850Æ3
372Æ5
167
044Æ6
060Æ9
884Æ4
389
313Æ2
389Æ1
357Æ9

AIC weight
0Æ9999999
<
<
<
<
<
<
<
<
<
<

0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01

Fig. 5. Daily estimates of change in drift rate for 79 seals (11 395 seal-days) used in the foraging index comparison. Points are vertically sorted
according to the ‘change in drift rate’ value (i.e. warm colours are plotted over cooler colours).

becomes increasingly important towards the end of the
post-moult migration due to the exponential growth of the
fetus (Robbins & Robbins 1979). The impact of gestation
on drift rate values in this study was apparent: daily
changes in drift rate typically exhibited a marked decline
well before the return-phase of the migration. The effect of
these errors is likely one of magnitude, as it is likely that
pregnancy and variable tissue deposition impact only the
relative importance of feeding areas while not greatly
impacting the classiﬁcation of regions as successful or
unsuccessful. However, estimates of foraging success at the
beginning and end of migrations, particularly those during
the post-moulting migration when animals are pregnant,
should be treated with caution.

Another aspect of drift dive analysis that requires further
reﬁnement is the drift behaviour around neutral buoyancy.
Similar to Crocker, LeBoeuf & Costa (1997), we observed a
nearly instantaneous transition in drift rates from )0Æ1 to
+0Æ1 m s)1 for nearly all of the individuals reaching positive
buoyancy during the post-moult migration. This pattern was
also observed in nearly all of the individuals switching from
positive to negative buoyancy. Theoretical calculations of
buoyancy suggest a nonlinear response near neutral buoyancy (Crocker, LeBoeuf & Costa 1997), but the observed
transition clearly exceeds the expected rate of change in drift
rate and is inconsistent with the time series of drift rates published on southern elephant seals (Biuw et al. 2003; Thums,
Bradshaw & Hindell 2008a). Measurements of stroke pattern
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and body position during drift dives could be obtained with
accelerometers and would help to elucidate this process and
provide an appropriate correction.
In addition to northern and southern elephant seals, drift
diving has been recorded in New Zealand fur seals (Arctocephalus forsteri; Page et al. 2005) and sperm whales (Physeter macrocephalus; Miller et al. 2008). After validations
against empirical measurement of mass or energy gain, drift
rate analyses in these species may prove to be equally informative.

TRANSIT RATE

In our second question, we asked which diving or tracking
metrics best estimate foraging success. We calculated 10
diving and tracking metrics that are considered to be indicative of foraging activity, and feeding success. Results of
the linear mixed-effects model indicate that transit rate is
the best single predictor of changes in buoyancy; that is,
periods of slow horizontal transit tend to coincide with periods of positive buoyancy change. This result is consistent
with previous studies that have also demonstrated the
importance of transit rate as a predictor of foraging success.
LeBoeuf et al. (2000) and Crocker et al. (2006) found that
mean daily transit rate was signiﬁcantly related to mass
gain over a complete foraging migration, except during
ENSO events. Kuhn et al. (2009) found transit rate to be a
signiﬁcant predictor of feeding rate, as measured by stomach temperature telemetry, during the initial transit phase
of the migration.
Estimates of transit rate for pelagic predators are typically
derived from light-level geolocation or satellite telemetry,
both providing relatively coarse-scale movement information
(in both space and time). Recent advances in GPS technology, most notably Fast-Loc GPS, enable collection of higher
quality tracking data, which improves the accuracy of transit
rate estimates. Indeed, GPS tags have already been used to
track a variety of taxa (Sims et al. 2009; Costa et al. 2010a, b;
Hays et al. 2010).
While this study conﬁrmed the power of transit rate to predict foraging success, it was variable across individuals; transit rate was a good predictor of foraging success in most
individuals but not in all individuals. This is expected as the
foraging behaviour of individuals can vary (Tinker et al.
2007; Villegas-Amtmann et al. 2008) and different foraging
metrics may be more appropriate for some individuals and
not for others. In addition, the environment may impact the
ability to record accurately transit rates. Strong ocean currents may be capable of altering the perceived transit rate of
some species, thus biasing the track segments identiﬁed as
putative foraging areas (Gaspar et al. 2006; Girard, Tucker
& Calmettes 2009). Studies of slow-moving species (e.g. sea
turtles) may beneﬁt from correction of movement trajectories
based on surface-current data by revealing additional periods
of slow transit.
While transit rate had the greatest predictive power of any
single metric, greater predictive power was achieved when

multiple metrics were used. A combination of foraging metrics could be used to identify different foraging patterns over
the various phases of the track or to identify different
foraging behaviours amongst individuals (Tinker et al. 2007;
Villegas-Amtmann & Costa 2010; Weise, Harvey & Costa
2010).
The presence of multiple foraging strategies and prey types
may cloud analyses, which assume that speciﬁc behaviours
are associated with successful foraging. In this study, we
show that among 10 tracking and diving metrics, transit rate
is the single best predictor of foraging success. The other
foraging metrics may provide insight into when and where
different feeding strategies are used rather than identify
foraging success per se. This has important implications for
studies with other pelagic predators where direct feeding data
are difﬁcult to acquire, and also highlights the need for a
better understanding of the potentially diverse foraging
strategies employed by individuals and how these may relate
to the distribution and composition of their prey.

POPULATION-LEVEL FORAGING SUCCESS

To address our third question, we combined the daily change
in drift rate for all animals across seasons, years and colonies
to generate a comprehensive map of foraging success in the
North Paciﬁc Ocean. Positive changes in drift rate were
observed throughout the migration, implying widely distributed and abundant prey. However, the most rapid positive
changes in drift rate occurred within a latitudinal band (40–
50 N, extending to the international dateline) corresponding
to a dynamic hydrographic region between the Subarctic
Gyre and the North Paciﬁc Transition Zone (Roden 1991;
Longhurst 1998). Previous studies have suggested that this
region is important for foraging elephant seals (LeBoeuf
et al. 2000; Simmons et al. 2010). The seals foraged successfully in this region during both of their semi-annual foraging
migrations, despite experiencing dramatically different
oceanographic conditions. This region is also important habitat for a variety of other marine vertebrates, including northern fur seals (Callorhinus ursinus; Ream, Sterling & Loughlin
2005; Lea et al. 2009), blueﬁn tuna (Thunnus thynnus; Boustany et al. 2009), albacore (Thunnus alalunga), loggerhead
turtles (Caretta caretta; Polovina et al. 2001) and albatrosses
(Phoebastria spp.; Kappes et al. 2010).

SUMMARY

We validated the use of drift rate analysis in the northern elephant seal at the scale of the entire foraging migration, then
used the rate of change in drift rate to compare several of the
most commonly used foraging metrics. Behaviour-independent measures of foraging success at sea, such as buoyancy
change, are difﬁcult to record in most species. However, it is
possible to estimate the locations of foraging success at both
the individual and population level from behaviour-dependent metrics. Of the behaviour-dependent metrics used in
this study, transit rate provided the best estimate of at-sea
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foraging success. This has broad implications, as the foraging
metrics examined here can be derived from tracking data that
can be obtained using electronic tags from a wide array of
marine vertebrates (Block 2005). By mapping transit rate
onto animal tracking data, it may be possible to identify and
compare important foraging regions across large spatial
extents and diverse taxa. Such studies are already being published (Fossette et al. 2010) and will facilitate a more comprehensive understanding of how migratory predators exploit
pelagic ecosystems.

Acknowledgements
We thank J.P. Gallo-Reynoso, J. Hassrick, C. Kuhn, B. McDonald, P. Morris,
and many ﬁeld volunteers and Año Nuevo State Park. Y. Tremblay provided
Matlab functions. This research was conducted as part of the Tagging of Paciﬁc Predators (TOPP) programme, funded by the National Ocean Partnership
Program (N00014-02-1-1012), the Ofﬁce of Naval Research (N00014-00-10880 & N00014-03-1-0651), the Ofﬁce of Polar Programs (ANT-0840375,
ANT-0838937), the Moore, Packard, Sloan Foundations, and the E & P
Marine Life Project of the Joint Industry Program. The Myers Oceanographic
Trust and the Friends of Long Marine Lab provided additional support. All
procedures were approved by the UCSC IACUC committee and under NMFS
marine mammal permits #786-1463 and #87-143.

References
Adams, S.H. & Costa, D.P. (1993) Water conservation and protein-metabolism
in northern elephant seal pups during the postweaning fast. Journal of Comparative Physiology B, 163, 367–373.
Austin, D., Bowen, W.D. & McMillan, J.I. (2004) Intraspeciﬁc variation in
movement patterns: modeling individual behaviour in a large marine predator. Oikos, 105, 15–30.
Austin, D., Bowen, W.D., McMillan, J.I. & Boness, D.J. (2006) Stomach temperature telemetry reveals temporal patterns of foraging success in a freeranging marine mammal. Journal of Animal Ecology, 75, 408–420.
Bailey, H.R., Shillinger, G.L., Palacios, D.M., Bograd, S.J., Spotila, J.R., Wallace, B.P., Paladino, F.V., Eckert, S.A. & Block, B.A. (2008) Identifying and
comparing phases of movement by leatherback turtles using state-space
models. Journal of Experimental Marine Biology and Ecology, 356, 128–135.
Bailleul, F., Pinaud, D., Hindell, M., Charrassin, J.B. & Guinet, C. (2008)
Assessment of scale-dependent foraging behaviour in southern elephant
seals incorporating the vertical dimension: a development of the First
Passage Time method. Journal of Animal Ecology, 77, 948–957.
Bakun, A. (2006a) Fronts and eddies as key structures in the habitat of marine
ﬁsh larvae: opportunity, adaptive response and competitive advantage.
Scientia Marina, 70(Suppl. 2), 105–122.
Bakun, A. (2006b) Wasp-waist populations and marine ecosystem dynamics:
navigating the ‘‘predator pit’’ topographies. Progress in Oceanography, 68,
271–288.
Biuw, M., McConnell, B., Bradshaw, C.J.A., Burton, H. & Fedak, M. (2003)
Blubber and buoyancy: monitoring the body condition of free-ranging seals
using simple dive characteristics. Journal of Experimental Biology, 206,
3405–3423.
Biuw, M., Boehme, L., Guinet, C., Hindell, M., Costa, D., Charrassin, J.B.,
Roquet, F., Bailleul, F., Meredith, M., Thorpe, S., Tremblay, Y., McDonald, B., Park, Y.H., Rintoul, S.R., Bindoff, N., Goebel, M., Crocker, D.,
Lovell, P., Nicholson, J., Monks, F. & Fedak, M.A. (2007) Variations in
behavior and condition of a Southern Ocean top predator in relation to in
situ oceanographic conditions. Proceedings of the National Academy of
Sciences of the United States of America, 104, 13705–13710.
Block, B.A. (2005) Physiological Ecology in the 21st Century: Advancements
in Biologging Science. Integrative and Comparative Biology, 45, 305–320.
Bograd, S.J., Block, B.A., Costa, D.P. & Godley, B.J. (2010) Biologging technologies: new tools for conservation. Introduction. Endangered Species
Research, 10, 1–7.
Bost, C.A., Handrich, Y., Butler, P.J., Fahlman, A., Halsey, L.G., Woakes,
A.J. & Ropert-Coudert, Y. (2007) Changes in dive proﬁles as an indicator of
feeding success in king and Adelie penguins. Deep-Sea Research II, 54,
248–255.

Boustany, A., Matteson, R., Castleton, M.R., Farwell, C. & Block, B.A. (2009)
Movements of Paciﬁc blueﬁn tuna (Thunnus orientalis) in the Eastern North
Paciﬁc revealed with archival tags. Progress in Oceanography, 86, 94–104.
Bradshaw, C.J.A., Sims, D.W. & Hays, G.C. (2007) Measurement error causes
scale-dependent threshold erosion of biological signals in animal movement
data. Ecological Applications, 17, 628–638.
Charnov, E.L. (1976) Optimal foraging, Marginal Value Theorem. Theoretical
Population Biology, 9, 129–136.
Costa, D.P., Huckstadt, L.A., Crocker, D.E., McDonald, B.I., Goebel, M.E. &
Fedak, M.A. (2010a) Approaches to studying climatic change and its role on
the habitat selection of antarctic pinnipeds. Integrative and Comparative
Biology, in press.
Costa, D.P., Robinson, P.W., Arnould, J.P.Y., Harrison, A.L., Simmons, S.E.,
Hassrick, J.L., Hoskins, A.J., Kirkman, S.P., Oosthuizen, H., Villegas-Amtmann, S. & Crocker, D.E. (2010b) Accuracy of ARGOS Locations of Pinnipeds at-Sea Estimated Using Fastloc GPS. PLoS ONE, 5, 1–9.
Crocker, D.E., LeBoeuf, B.J. & Costa, D.P. (1997) Drift diving in female northern elephant seals: implications for food processing. Canadian Journal of
Zoology, 75, 27–39.
Crocker, D.E., Williams, J.D., Costa, D.P. & Le Boeuf, B.J. (2001) Maternal
traits and reproductive effort in northern elephant seals. Ecology, 82, 3541–
3555.
Crocker, D.E., Costa, D.P., Le Boeuf, B.J., Webb, P.M. & Houser, D.S. (2006)
Impact of El Nino on the foraging behavior of female northern elephant
seals. Marine Ecology Progress Series, 309, 1–10.
Croll, D.A., Marinovic, B., Benson, S., Chavez, F.P., Black, N., Ternullo, R. &
Tershy, B.R. (2005) From wind to whales: trophic links in a coastal upwelling system. Marine Ecology Progress Series, 289, 117–130.
Fauchald, P. (1999) Foraging in a hierarchical patch system. The American
Naturalist, 153, 603–613.
Fauchald, P. & Tveraa, T. (2003) Using ﬁrst-passage time in the analysis of
area-restricted search and habitat selection. Ecology, 84, 282–288.
Fedak, M., Lovell, P., McConnell, B. & Hunter, C. (2002) Overcoming the constraints of long range radio telemetry from animals: getting more useful data
from smaller packages. Integrative and Comparative Biology, 42, 3–10.
Fossette, S., Gaspar, P., Handrich, Y., Le Maho, Y. & Georges, J.Y. (2008)
Dive and beak movement patterns in leatherback turtles Dermochelys coriacea during internesting intervals in French Guiana. Journal of Animal Ecology, 77, 236–246.
Fossette, S., Hobson, V.J., Girard, C., Calmettes, B., Gaspar, P., Georges, J.Y.
& Hays, G.C. (2010) Spatio-temporal foraging patterns of a giant zooplanktivore, the leatherback turtle. Journal of Marine Systems, 81, 225–234.
Gales, N.J. & Burton, H.R. (1987) Ultrasonic measurement of blubber thickness of the southern elephant seal, Mirounga leonina (Linn). Australian
Journal of Zoology, 35, 207–217.
Gaspar, P., Georges, J.Y., Fossette, S., Lenoble, A., Ferraroli, S. & Le Maho,
Y. (2006) Marine animal behaviour: neglecting ocean currents can lead us up
the wrong track. Proceedings of the Royal Society B: Biological Sciences,
273, 2697–2702.
Girard, C., Tucker, A.D. & Calmettes, B. (2009) Post-nesting migrations of loggerhead sea turtles in the Gulf of Mexico: dispersal in highly dynamic conditions. Marine Biology, 156, 1827–1839.
Gurarie, E., Andrews, R.D. & Laidre, K.L. (2009) A novel method for identifying behavioural changes in animal movement data. Ecology Letters, 12, 395–
408.
Hays, G.C., Hobson, V.J., Metcalfe, J.D., Righton, D. & Sims, D.W. (2006)
Flexible foraging movements of leatherback turtles across the North Atlantic Ocean. Ecology, 87, 2647–2656.
Hays, G.C., Fossette, S., Katselidis, K.A., Mariani, P. & Schoﬁeld, G. (2010)
Ontogenetic development of migration: lagrangian drift trajectories suggest
a new paradigm for sea turtles. Journal of the Royal Society Interface, in
press.
Hooker, S.K., Biuw, M., McConnell, B.J., Miller, P.J. & Sparling, C.E. (2007)
Bio-logging science: logging and relaying physical and biological data using
animal-attached tags. Deep-Sea Research II, 54, 177–182.
Horsburgh, J.M., Morrice, M., Lea, M.A. & Hindell, M.A. (2008) Determining
feeding events and prey encounter rates in a southern elephant seal: a method
using swim speed and stomach temperature. Marine Mammal Science, 24,
207–217.
Jonsen, I.D., Flenming, J.M. & Myers, R.A. (2005) Robust state-space modeling of animal movement data. Ecology, 86, 2874–2880.
Kappes, M.A., Shaffer, S.A., Tremblay, Y., Foley, D.G., Palacios, D.M.,
Robinson, P.W., Bograd, S.J. & Costa, D.P. (2010) Hawaiian albatrosses
track interannual variability of marine habitats in the North Paciﬁc.
Progress in Oceanography, 86, 246–260.

 2010 The Authors. Journal compilation  2010 British Ecological Society, Journal of Animal Ecology, 79, 1146–1156

1156 P. W. Robinson et al.
Kuhn, C.E. & Costa, D.P. (2006) Identifying and quantifying prey consumption using stomach temperature change in pinnipeds. Journal of Experimental Biology, 209, 4524–4532.
Kuhn, C.E., Crocker, D.E., Tremblay, Y. & Costa, D.P. (2009) Time to eat:
measurements of feeding behaviour in a large marine predator, the northern
elephant seal Mirounga angustirostris. Journal of Animal Ecology, 78, 513–
523.
Laidre, K.L., Heide-Jorgensen, M.P., Logsdon, M.L., Hobbs, R.C., Dietz, R.
& VanBlaricom, G.R. (2004) Fractal analysis of narwhal space use patterns.
Zoology, 107, 3–11.
Lea, M.A., Johnson, D., Ream, R., Sterling, J., Melin, S. & Gelatt, T. (2009)
Extreme weather events inﬂuence dispersal of naive northern fur seals. Biology Letters, 5, 252–257.
LeBoeuf, B.J., Costa, D.P., Huntley, A.C. & Feldkamp, S.D. (1988) Continuous, deep diving in female northern elephant seals, Mirounga angustirostris.
Canadian Journal of Zoology, 66, 446–458.
LeBoeuf, B.J., Crocker, D.E., Costa, D.P., Blackwell, S.B., Webb, P.M. &
Houser, D.S. (2000) Foraging ecology of northern elephant seals. Ecological
Monographs, 70, 353–382.
Longhurst, A.R. (1998) Ecological Geography of the Sea. Academic Press, San
Diego, CA.
Miller, P.J.O., Aoki, K., Rendell, L.E. & Amano, M. (2008) Stereotypical resting behavior of the sperm whale. Current Biology, 18, R21–R23.
Mitani, Y., Andrews, R.D., Sato, K., Kato, A., Naito, Y. & Costa, D.P. (2010)
Three-dimensional resting behaviour of northern elephant seals: drifting like
a falling leaf. Biology Letters, 6, 163–166.
Myers, A.E. & Hays, G.C. (2006) Do leatherback turtles Dermochelys coriacea forage during the breeding season? A combination of data-logging
devices provide new insights. Marine Ecology Progress Series, 322, 259–
267.
Nams, V.O. (1996) The VFractal: a new estimator for fractal dimension of animal movement paths. Landscape Ecology, 11, 289–297.
Nelson, T.A., Duffus, D.A., Robertson, C. & Feyrer, L.J. (2008) Spatial-temporal patterns in intra-annual gray whale foraging: characterizing interactions between predators and prey in Clayquot Sound, British Columbia,
Canada. Marine Mammal Science, 24, 356–370.
Page, B., McKenzie, J., Hindell, M.A. & Goldsworthy, S.D. (2005) Drift dives
by male New Zealand fur seals (Arctocephalus forsteri). Canadian Journal of
Zoology-Revue Canadienne De Zoologie, 83, 293–300.
Pernia, S.D., Hill, A. & Ortiz, C.L. (1980) Urea turnover during prolonged fasting in the northern elephant seal. Comparative Biochemistry and Physiology
B, 65, 731–734.
Pinaud, D. & Weimerskirch, H. (2007) At-sea distribution and scale-dependent
foraging behaviour of petrels and albatrosses: a comparative study. Journal
of Animal Ecology, 76, 9–19.
Polovina, J.J., Howell, E., Kobayashi, D.R. & Seki, M.P. (2001) The transition
zone chlorophyll front, a dynamic global feature deﬁning migration and
forage habitat for marine resources. Progress in Oceanography, 49, 469–
483.
Ream, R.R., Sterling, J.T. & Loughlin, T.R. (2005) Oceanographic features
related to northern fur seal migratory movements. Deep-Sea Research Part
II, 52, 823–843.
Robbins, C.T. & Robbins, B.L. (1979) Fetal and neonatal growth-patterns and
maternal reproductive effort in ungulates and sub-ungulates. The American
Naturalist, 114, 101–116.
Robinson, P.W., Tremblay, Y., Crocker, D.E., Kappes, M.A., Kuhn, C.E.,
Shaffer, S.A., Simmons, S.E. & Costa, D.P. (2007) A comparison of indirect
measures of feeding behaviour based on ARGOS tracking data. Deep-Sea
Research Part II, 54, 356–368.
Roden, G.I. (1991) Subarctic-Subtropical Transition Zone of the North Paciﬁc.
Large-scale aspects and mesoscale structure. NOAA Technical Report, 105,
1–38.
Rutz, C. & Hays, G.C. (2009) New frontiers in biologging science. Biology Letters, 5, 289–292.
Schick, R.S., Loarie, S.R., Colchero, F., Best, B.D., Boustany, A., Conde,
D.A., Halpin, P.N., Joppa, L.N., McClellan, C.M. & Clark, J.S. (2008)
Understanding movement data and movement processes: current and
emerging directions. Ecology Letters, 11, 1338–1350.

Simeone, A. & Wilson, R.P. (2003) In-depth studies of Magellanic penguin
(Spheniscus magellanicus) foraging: can we estimate prey consumption by
perturbations in the dive proﬁle? Marine Biology, 143, 825–831.
Simmons, S.E., Crocker, D.E., Hassrick, J.L., Kuhn, C.E., Robinson, P.W.,
Tremblay, Y. & Costa, D.P. (2010) Climate-scale hydrographic features
related to foraging success in a capital breeder, the northern elephant seal
Mirounga angustirostris. Endangered Species Research, 10, 233–243.
Sims, D.W., Witt, M.J., Richardson, A.J., Southall, E.J. & Metcalfe, J.D.
(2006) Encounter success of free-ranging marine predator movements across
a dynamic prey landscape. Proceedings of the Royal Society B: Biological Sciences, 273, 1195–1201.
Sims, D.W., Queiroz, N., Humphries, N.E., Lima, F.P. & Hays, G.C. (2009)
Long-term GPS tracking of ocean sunﬁsh Mola mola offers a new direction
in ﬁsh monitoring. PLoS ONE, 4, 1–6.
Soto, N.A., Johnson, M.P., Madsen, P.T., Diaz, F., Dominguez, I., Brito, A. &
Tyack, P. (2008) Cheetahs of the deep sea: deep foraging sprints in shortﬁnned pilot whales off Tenerife (Canary Islands). Journal of Animal Ecology,
77, 936–947.
Thums, M., Bradshaw, C.J.A. & Hindell, M.A. (2008a) Tracking changes in
relative body composition of southern elephant seals using swim speed data.
Marine Ecology Progress Series, 370, 249–261.
Thums, M., Bradshaw, C.J.A. & Hindell, M.A. (2008b) A validated approach
for supervised dive classiﬁcation in diving vertebrates. Journal of Experimental Marine Biology and Ecology, 363, 75–83.
Tinker, M.T., Costa, D.P., Estes, J.A. & Wieringa, N. (2007) Individual dietary
specialization and dive behaviour in the California sea otter: using archival
time-depth data to detect alternative foraging strategies. Deep-Sea Research
II, 54, 330–342.
Tremblay, Y., Roberts, A.J. & Costa, D.P. (2007) Fractal landscape method:
an alternative approach to measuring area-restricted searching behavior.
Journal of Experimental Biology, 210, 935–945.
Villegas-Amtmann, S. & Costa, D.P. (2010) Oxygen stores plasticity linked to
foraging behaviour and pregnancy in a diving predator, the Galapagos sea
lion. Functional Ecology, 24, 785–795.
Villegas-Amtmann, S., Costa, D.P., Tremblay, Y., Salazar, S. & AuriolesGamboa, D. (2008) Multiple foraging strategies in a marine apex predator,
the Galapagos sea lion Zalophus wollebaeki. Marine Ecology Progress Series,
363, 299–309.
Webb, P.M., Crocker, D.E., Blackwell, S.B., Costa, D.P. & Le Boeuf, B.J.
(1998) Effects of buoyancy on the diving behavior of northern elephant seals.
Journal of Experimental Biology, 201, 2349–2358.
Weimerskirch, H., Pinaud, D., Pawlowski, F. & Bost, C.A. (2007) Does prey
capture induce area-restricted search? A ﬁne-scale study using GPS in a marine predator, the wandering albatross. The American Naturalist, 170, 734–
743.
Weise, M.J., Harvey, J.T. & Costa, D.P. (2010) The role of body size on the foraging behavior of an apex predator, the California sea lion, Zalophus californianus. Ecology, 91, 1004–1015.
Received 12 April 2010; accepted 28 June 2010
Handling Editor: Graeme Hays

Supporting Information
Additional Supporting Information may be found in the online version of this article.
Fig. S1. Colour-coded track maps and time-series plots of the 11
foraging metrics for one individual during the post-moult migration.
As a service to our authors and readers, this journal provides supporting information supplied by the authors. Such materials may be
re-organized for online delivery, but are not copy-edited or typeset.
Technical support issues arising from supporting information (other
than missing ﬁles) should be addressed to the authors.

 2010 The Authors. Journal compilation  2010 British Ecological Society, Journal of Animal Ecology, 79, 1146–1156

