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INTRODUCTION

Spatial heterogeneity of physical characteristics
and organisms is a general phenomenon in the ocean
(Steele 1978). This patchiness of biota can be exhib-
ited across a broad range of scales, with distinct ag-
gregations occurring at scales ranging from less than
a meter (Davis et al. 1991, Dekshenieks et al. 2001) to
hundreds of kilometers (Haury et al. 1978, Mack as et
al. 1985). Aggregations in a system often exist across
a range of scales in a hierarchical mosaic (Wu &
Loucks 1995), with small, high-density patches nested

inside of larger, lower density aggregations (Kotliar &
Wiens 1990). Spatial patterns of organisms at a range
of scales have been shown to have significant ecosys-
tem effects including the cycling of elements and
population dynamics (Levin 1992), as well as the
mechanisms structuring communities (Benoit-Bird &
McManus 2012).

Many pelagic predators feed specifically on aggre-
gated prey (Benoit-Bird & Au 2003). As a conse-
quence, patchiness and scale have become essential
concepts in studies of marine predator–prey inter -
actions (Sih 1982, Hunt & Schneider 1987, Rose &
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Leggett 1990, Fauchald 2009). The spatial distribu-
tion of prey items in the ocean has been shown to
have strong effects on the energetic gains and costs
of foraging (Tiselius et al. 1993), foraging success and
overall predator performance (Boyd 1996), growth
and survival (Lasker 1975, Beyer 1995), as well as
predator behavior (Benoit-Bird 2009, Benoit-Bird &
Au 2009). To be successful, a predator must track
changing prey patterns and respond to complex het-
erogeneity at different spatial and temporal scales
(Russell et al. 1992, Mason & Brandt 1996).

The eastern Bering Sea shelf and the adjacent deep
waters form a highly productive ecosystem (Springer
et al. 1996, Mizobata et al. 2008). Euphausiids Thysa-
noessa spp. and juvenile walleye pollock Theragra
chalcogramma are 2 abundant species of prey in this
ecosystem that aggregate at scales of a few meters
(Benoit-Bird et al. 2011) up to tens (Decker & Hunt
1996) and hundreds of kilometers (Sigler et al. 2012).
At the edge of the Bering Sea shelf, St. George and
St. Paul islands (part of the Pribilof Archipelago)
serve as breeding sites for one of the largest concen-
trations of seabirds in the North Pacific (Hickey &
Craighead 1977), as well as the largest breeding pop-
ulation of northern fur seals Callorhinus ursinus; a
population which is currently in decline (Towell et al.
2011). A growing colony of fur seals with about a
75% percent smaller population was recently estab-
lished about 200 km to the southeast on Bogoslof
Island, adjacent to deep waters north of the Aleutian
arc (Towell & Ream 2011).

During the summer, lactating northern fur seals are
central place foragers (Orians & Pearson 1979), mak-
ing extended (1−14 d) foraging trips of hundreds of
kilometers between short (1−3 d) stays on land to
nurse their pups (Gentry & Holt 1986, Nordstrom et
al. 2013). Females breeding in the southeastern
Bering Sea feed mainly on juvenile walleye pollock,
squid, forage fish, and vertically migrating meso-
pelagic fish (Sinclair et al. 2008, 2011, Call & Ream
2012). They feed in bouts interspersed along their
travel path, diving to depths of up to 200 m (Gentry et
al. 1986, Loughlin et al. 1987, Goebel et al. 1991).
Female northern fur seals tend to forage in different
habitats depending upon their home rookery (Rob-
son et al. 2004). Prey selection and diving bout char-
acteristics (Kooyman et al. 1976, Goebel et al. 1991,
Kuhn et al. 2010) vary according to foraging habitats
(Loughlin et al. 1987, Goebel et al. 1991, Sinclair
et al. 1994, Antonelis et al. 1997, Zeppelin & Ream
2006).

Our goal was to describe the spatial scales of forag-
ing behavior exhibited by northern fur seals and

compare these with the scales of aggregation ob -
served in an important prey group, juvenile pollock,
to determine at which scales and conditions fur seals
respond to their prey. We hypothesized that the spa-
tial scales of both predator and prey could be hierar-
chically nested, and examined the scales of both pos-
itive regions (patches) and negative ones (spaces or
gaps between patches) to determine the coherence
of these predator and prey spatial scales. While eco-
systems with hierarchical patch systems are common
(Wu & Loucks 1995), relatively few studies have
focused on foraging patterns or predator–prey inter-
actions in hierarchical patch systems (O’Neill et al.
1991, Russell et al. 1992, Ives et al. 1993, Fauchald
1999, Fauchald et al. 2000, Fauchald & Tveraa 2006).

Understanding how predators effectively respond
to prey spatial heterogeneity requires realistic con-
ceptualizations of patch structure within the habitat.
Multi-layered patch systems involve complexities
that result in deviations from the foraging predictions
generated by simple, single-level patch models
(Kotliar & Wiens 1990). Spatial relationships between
predators and their prey have been examined using a
variety of approaches. These include synoptic sur-
veys of the abundance and distribution of predators
and prey (Fauchald et al. 2000, Benoit-Bird et al.
2011), tracking of individual predators coupled with
spatially and temporally overlapping measurements
of prey (Sims & Quayle 1998), or remote tracking of
predators with proxy measures of foraging attempts
in the absence of prey measures (Weimerskirch et al.
2007); each of which presents particular challenges
in interpreting nested scales of patchiness. In our
study, we used high-resolution remote tracking to
observe spatial scales of movement of fur seals inde-
pendently of the scales of spatial distribution of a key
prey group, juvenile pollock, which we assessed
using fisheries acoustics techniques. We thereby
relied on large sample sizes of fur seals and juvenile
pollock to statistically identify relationships between
spatial scales of predator and prey.

MATERIALS AND METHODS

As part of a large, interdisciplinary program
(Bering Sea Project; Wiese et al. 2012), we combined
tagging observations of northern fur seal behavior
with at-sea sampling of prey fields. Fur seals were
tagged with data logging instruments from mid-July
to mid-September 2009 at 2 sites — St. Paul Island in
the Pribilof Archipelago and Bogoslof Island just
north of the Aleutian Arc (see Fig. 1). Prey data were
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collected from mid-July to mid-August 2009 in the
contiguous area surrounding the breeding islands.

Fur seals

Tagging

We tagged 82 lactating northern fur seals on 2
islands in the eastern Bering Sea, St. Paul from 10
July to 19 September, 2009. Each animal was fitted
with a Wildlife Computers Mk10-F tag, a Daily Diary
tag, and a VHF transmitter (41 seals tagged on
Bogoslof Island recorded 111 foraging trips; 41 seals
tagged on St. Paul Island recorded 51 foraging trips).
Tags were mounted dorsally along the centerline of
the animal between the shoulder blades. Animals
were recaptured for tag and data recovery after for-
aging trips. Further details of the instrument deploy-
ments and handling can be found in Nordstrom et al.
(2013).

The Mk10-F was programmed to record GPS fixes
every 15 min when the animal was at the surface.
Individual seal behavior, tag placement, satellite
locations and weather considerations resulted in GPS
fixes occurring, on average, every 75 min for seals
tagged on St. Paul Island and every 96 min for seals
tagged on Bogoslof Island. The Daily Diary tag con-
tained tri-axial (from the animal’s frame of reference:
anterior-posterior, dorsal-ventral, and lateral) accele -
ro  meters and magnetometers to record acceleration
and the earth’s magnetic field at 16 Hz. In addition,
the tags recorded depth and temperature at 1 Hz,
and time and date at 16 Hz. Finally, tags included a
wet/dry switch, which identified when animals
hauled out on land, allowing us to accurately deter-
mine the start and end of each foraging trip (a com-
plete track).

Track reconstruction

Geographic positions from the GPS and motion
data from the accelerometers and magnetometers
were combined to model the paths of the tagged ani-
mals and produce high-resolution tracks. First, all
GPS points including the last and first points on land
bookending the foraging trip were identified. Next,
the acceleration and magnetometer sensors were
standardized to read between −1 and +1 using linear
regression and oriented to the right hand rule, so that
a value of +1 was measured by the accelerometers
when the front, top, or left side of the tag was facing

the earth, and a value of +1 was measured by the
magnetometers when the front, top, or left side of the
tag was facing north and at the angle of inclination of
the magnetic field. Reconstructed tracks were then
calculated in a process akin to dead-reckoning using
the algorithm presented by Wilson et al. (2007), with
a few clarifications.

The earth’s gravitational field, or ‘static’ accelera-
tion, in each dimension was estimated as a 2 sec
 running mean of acceleration for each channel. The
running mean was then subtracted from its respec-
tive channel to estimate the ‘dynamic’ acceleration
due to animal movement. Speed was estimated as
the running sum of the ‘dynamic’ portion of the ante-
rior- posterior acceleration channel, and then con-
verted to animal velocity using linear scaling with a
minimum of 0 and a maximum of 3.5 m s−1 (the ap -
proximate maximum speed of an adult female north-
ern fur seal). When the lateral accelerometer channel
indicated that an animal was resting, the speed was
set to 0.

The inclination and declination of the earth’s mag-
netic field was calculated given the date, latitude and
longitude using the World Magnetic Model 2010 Cal-
culator from the British Geological Survey. We used a
single declination and inclination value for each
island as these values are relatively consistent over
the geographic range covered by the tagged seals.
Finally, we georeferenced the raw dead-reckoning
tracks (Wilson et al. 2007), by forcing the tracks
through all known GPS relocations starting and end-
ing with those on land. Georeferencing adjusted the
reconstructed pseudotracks for errors (such as cur-
rents) that are not measurable by the tags, as well as
other errors that are inherent in the limitations of the
technology and methodology.

To test the degree of spatial errors introduced by
track reconstruction relative to GPS locations only,
we calculated the amount of resizing that was neces-
sary for the final location of each reconstructed track
segment (e.g. the path between 2 GPS locations) to
match the corresponding GPS location as a percent-
age of the total distance between the starting and
ending points of the segment. For animals tagged at
both islands, these estimates were normally distrib-
uted about zero. Approximately half of all track seg-
ments contracted or expanded <10% to match the
GPS locations, ~70% of the track segments changed
by <20%, and ~95% of all track segments changed
by <50%. Linear regression showed that the amount
of contraction and expansion in percentage terms
was unaffected by the time between GPS locations.
Thus, these estimates of track changes provide an
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upper bound on the errors of scale associated with
measures made in each track segment, independent
of scale.

Patches

We used areas of restricted movements of fur seals,
or patches, to quantify the spatial scales of fur seal
behavior. Tortuosity is a measure of the straightness
of an animal’s swimming path. It is often used in ani-
mal tracking studies to describe animal movement
paths and to distinguish between behavioral states,
such as transiting, searching, and foraging (Morales
et al. 2004). The tortuosity of foraging paths repre-
sents animal reactions to landscape heterogeneity in
which animals translate environmental stimuli into
movements (Crist et al. 1992, With 1994). Errors in
calculating animal velocity and absolute orientation
do not affect calculations of tortuosity; thus, recon-
structed tracks such as those available for fur seals
are useful in assessing the multi-scale tortuosity of
complete animal tracks without bias for scale (Wilson
et al. 2007).

To identify spatial patterns in fur seal retention, we
used a 10-point running calculation of tortuosity of
the 1 Hz reconstructed track locations. Tortuosity
was calculated as the sum of the distances between
10 adjacent locations along a track (that is, the total
distance traveled) divided by the straight line dis-
tance between the first and last of those 10 positions.
A straight-line path results in a tortuosity value of 1,
while higher values represent higher degrees of
turning. Using the 10-point calculation smoothed out
isolated spikes in the data, while allowing the reten-
tion of fine-scale information.

We used patterns in tortuosity values to identify
‘patches’ or regions where a fur seal repeatedly
turned to remain in a localized area. First, we set a
threshold tortuosity value of 1.5, representing ap -
proximately the upper quartile of all tortuosity values
measured. To be identified as a patch, 5 adjacent tor-
tuosity values (encompassing a total of 15 seconds of
data) had to exceed the threshold tortuosity of 1.5.
Points in the running tortuosity calculation with val-
ues above the threshold were then added to the
patch if no more than 2 values lower than the thresh-
old separated each point from a patch. Gaps were
defined as 3 or more points in a row with tortuosity
values <1.5. As with patches, points were added to
this gap if they were separated from the gap by
≤2 points with values >1.5. The distribution of
gap sizes was bi-modal with the cutoff of the lower

of the modes at ~100 m. To identify aggregations of
patches, those separated by gaps ≤100 m were
grouped into ‘superpatches’. The horizontal size of
identified patches and superpatches was measured
as the distance between the first and last point within
the feature.

To determine the effects of our parameter selection
in identifying areas of fur seal retention, we con-
ducted sensitivity analyses on the threshold tortuos-
ity (1.25−2.50) and the number of points above the
tortuosity threshold used to define a patch (5−20
points). Increasing either of these values decreased
the number of patches detected in each track, but did
not significantly affect the horizontal size of patches
that were detected. Decreasing the tortuosity thresh-
old below 1.5 increased the number of patches de -
tected and significantly decreased the size of patches
detected. The combination of threshold tortuosity
and minimum contiguous points identified the great-
est number of patches without changing the horizon-
tal size distribution of the identified patches.

Foraging habitat

To identify the foraging habitat of fur seals, hori-
zontal habitat use kernels were generated for all
tracked individuals from each island using the loca-
tions of solitary patches and superpatches. Each pu -
tative foraging location was weighted by the amount
of time spent within it. Adaptive kernels were opti-
mized by least-squares cross validation (Wor ton
1989) using analysis grid cells of 100 m before being
smoothed at a scale of 20 km. The 95% utilization
contour was used to define the foraging area for each
island, while the 75% kernel was used to define
higher foraging effort areas, and the 50% kernels
defined the core foraging area for each island.

To explore the effects of time of day, habitat use
kernels were generated separately for daylight and
dark periods, excluding all periods of nautical twi-
light. Data were gridded at 20 km resolution to statis-
tically compare day and night kernels. The day and
night kernel values at each grid point were classified
from 0 to 3 (no use to 50% kernels) and subtracted
from each other to generate a single distribution for
each island. The hypothesis that each of these distri-
butions was randomly distributed about zero was
tested using chi-squared tests.

Tagging of seals lasted longer than the at-sea sur-
veys of the prey field. To determine if there was an
effect of these time periods, habitat use kernels were
generated using only those tracks that were at least
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75% within the at-sea effort time period (Bogoslof:
16 seals, 48 trips; St Paul: 13 seals, 21 trips). These
were similarly classified and gridded for comparison
to the full habitat use kernels using chi-squared tests.
For all further analysis, only those fur seal tracks that
temporally overlapped by at least 75% with at-sea
sampling were included to facilitate comparison
between data sets. This permitted full fur seal trips to
be included while facilitating comparison between
the predator and prey data sets.

To examine the horizontal scales of habitat used by
each seal, habitat use kernels were generated sepa-
rately for each individual. The 50% kernels for each
individual were converted from area measures into
estimates of equivalent circular diameter to provide a
measure of the largest scale retention areas for each
fur seal.

Vertical habitat use by seals was examined by ana-
lyzing the maximum depth of each fur seal patch as a
function of solar angle. This made it possible to com-
pare the effects of time across the large spatial areas
and across the entire sampling period, despite large
seasonal and latitudinal changes in the absolute time
of the movements of the sun. A repeated measures
ANOVA was used to examine the within-subjects
effects of topographic zone and solar radiation angle
(in 2° increments) as well as the between-subjects
effect of island and the interacting effects of these
variables on the maximum depth within each patch.
The analysis was repeated using solar angle catego-
rized simply as day (center of the sun above the hori-
zon), night (center of the sun >12° below the hori-
zon), and twilight (center of the sun <12° below the
horizon). Fewer bins increased the number of sam-
ples per category and thus increased the power of the
analysis.

Foraging scale analysis

The spatial scales of fur seal retention patterns
were examined using repeated-measures ANOVAs
(within-subjects effects = topographic zone, day/
night; between-subjects effect = island). These were
used to examine variation in the horizontal size of
patches, the spacing between individual patches,
superpatches, the spacing between superpatches,
and the size of individual seal habitat use kernels.

Fur seal retention areas ranged from small, solitary
patches to large superpatches. An ANOVA was used
to explore the effects of time of day and zone on the
number of patches that made up these fur seal reten-
tion areas. A chi-squared test was used to determine

if there were significant differences in the frequen-
cies of solitary patches versus superpatches by zone
and time of day.

Following previous examinations of predator for-
aging behavior, we examined the distribution of step
lengths — the distances swum between retention
areas (e.g. ‘flights’ sensu Edwards et al. 2007). The
distribution of these steps were assessed for their fit
to a number of hypothesized distribution patterns
(Lévy, exponential, gamma, log-logistic, log-normal,
and Weibull) consistent with predictions from a vari-
ety of search patterns using a maximum likelihood
approach implemented in EasyFit 5.5 (MathWave
Technologies). Kolmogorov-Smirnov statistics were
used to identify the most likely distribution from
amongst the choices.

Juvenile pollock

Ship-based sampling of potential prey was con-
ducted between mid-July and mid-August, using 2
chartered commercial fishing vessels. The sampling
area roughly covered a 200 km radius around each
colony. This area was chosen based on the foraging
ranges observed for fur seals in previous studies
(Gentry & Holt 1986) and encompassed the entire
track of all fur seal trips for Bogoslof Island indivi -
duals. For animals tagged at St. Paul Island, the sam-
pling area completely covered the tracks of >75% of
individuals; for the remaining individuals, at least
80% of the track by time was encompassed by the
sampling area. Sampling occurred along 141 tran-
sects, each 10 km long and stratified among 3 hydro-
graphically distinct zones (Coachman 1986): (1) mid-
dle shelf, with bottom depths <100 m; (2) outer shelf,
with bottom depths between 100 and 200 m; and (3)
slope, with depths >200 m. Each transect was contin-
uously sampled with multifrequency acoustics (cali-
brated Simrad EK60 echosounders at 38, 70, 120, and
200 kHz). A single, depth-targeted net trawl pro-
vided the identity and size of nekton and macrozoo-
plankton on each transect, using an 8 × 8 m opening
Marinovich midwater trawl fitted with a 3 mm cod-
end mesh liner. Detailed methods for the ship-based
sampling, including other data collected, are pre-
sented in Benoit-Bird et al. (2011).

Frequency differencing (De Robertis 2010, Benoit-
Bird et al. 2011) was used to separate fish from other
targets in the upper 5−100 m of the water column. As
has been found in previous surveys of the same area
(De Robertis 2010), net tow data indicated that fish
were overwhelmingly dominated by juvenile walleye
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pollock in their first 2 yr of life. All data not matching
the ‘fish’ characteristics were masked out in the raw
38 kHz echogram before additional analyses were
conducted.

Myriax’s Echoview Software, School Detection
module was used to identify aggregations of pollock
within the masked, full-resolution, 38 kHz echo-
grams. This approach looks for a minimum number of
contiguous values in both the distance and depth
directions above a set threshold (Barange 1994). For
pollock, masked 38 kHz data must have been greater
than a threshold of 59 dB re 1 m−1, for at least 1 m ver-
tically and 5 m along track (as corrected for beam
effects; Diner 2001). This equated to 0.5 fish m−3 for
the observed median size of juvenile pollock (McIn-
tosh 2011). Data within the identified boundaries of
each patch were thresholded at a value of −85 dB re
1 m−1 and the minimum, maximum, and median
depth, horizontal size, height, area, and horizontal
distance to nearest neighboring patch were meas-
ured for each patch. Volume backscattering was con-
verted to mean and maximum density of individuals
using expected target strength (median pollock
length for the transect along which the patch was
detected) (Foote & Traynor 1988, Traynor 1996). Each
patch was then integrated to provide an estimate of
the total biomass (g) and total number of fish (ind.)
per patch.

Variations in the characteristics of pollock patches
were examined using a repeated-measures MAN -
OVA with a within-subject effect of transect and
between-subjects effects of day/night and zone, as
well as the interactions of these effects. Bonferonni
post-hoc analyses were used to examine the mean
differences in these characteristics as a function of
zone if a significant main effect was identified. The
effects of zone and day/night on the total number of
pollock patches detected per transect were tested
using ANOVA. The distance to nearest neighboring
patch in the upper 20 m of the water column during
day and night was compared to the same measure
over the entire water column at all times of day using
t-tests. The effects of location within the slope region
on horizontal scale of pollock patches and the spac-
ing between them were examined by assigning each
patch to the closest rookery before conducting an
ANOVA.

Pollock patches were clustered in many echo grams.
The distribution of inter-pollock patch spacing was
bi-modal, with a break between the modes at approx-
imately 100 m. To identify these larger scale aggrega-
tions of pollock (‘superpatches’), we grouped all
patches found <100 m from neighboring patches. The

horizontal size of each superpatch and the spacing
between superpatches along a transect were meas-
ured. Because the transects were 10 km in length,
measurements of inter-superpatch spacing could not
be made at scales >10 km, and distances >~5 km may
be underestimated in the data. Repeated-measures
ANOVAs were used to look at the within-subject ef-
fect of transect and the between-subjects effects of
day/night and zone as well as interactions of these ef-
fects on the horizontal size of pollock superpatches
and the spaces between them.

Horizontal scale comparisons

To compare the scales at which pollock and fur
seals were observed, only fur seal data collected
within the study region and time period were in clu -
ded, in contrast to other analyses that had more per-
missive criteria for comparison. This reduced con-
cerns about changes in space and time that could
affect the outcome of the comparison when incorpo-
rating each full trip was not necessary. Wilcoxon sign-
ranks tests were used to compare the distributions of
patch and gap sizes for each zone by island. This sta-
tistic tested whether the median difference between
the 2 distributions is zero — in other words, whether
there was a systematic offset in the distributions.

RESULTS

Fur seal behavior

The kernels, a description of the habitat over which
the tagged seals from each island foraged, are shown
in Fig. 1. There was no significant difference in ker-
nels generated using all tracks versus just those that
temporally overlapped with the at-sea sampling (St.
Paul χ2 = 1.89, p = 0.52; Bogoslof χ2 = 0.94; p = 0.86).

Fur seals from Bogoslof Island, where the entire
habitat is essentially deep slope, consistently foraged
within 150 km of their rookery. The core foraging area
for Bogoslof Island seals (50% kernel) was a single,
continuous region roughly centered on the island.

In contrast, fur seals from St. Paul Island traveled
widely and had core foraging areas that were patchily
distributed and spread over all 3 topo graphic zones.
However, the 3 topographic zones were not used in
proportion to their availability. Only 24% of St. Paul
Island fur seal patches occurred over the middle shelf,
a zone that accounted for 54% of the area within 200
km of the rookery. Deep water slope habitat accounted
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for only 15% of the area within 200 km of the
rookery, but contained 44% of the St. Paul Is-
land fur seal patches. Notably, only the out-
bound portions of trips by seals from St. Paul Is-
land that ultimately went to slope waters had
patches in the middle and outer shelves. Simi-
larly, seals that ultimately went to the outer
shelf had patches in the middle shelf only dur-
ing the outbound portions of their trips. No
patches were identified on the portions of trips
that females made to return to the rookery. The
only patch kernels found over the middle shelf
within the area sampled for prey were immedi-
ately adjacent to the islands or associated with
a distinct aggregation of juvenile pollock to
the northwest of St. Paul Island (Benoit-Bird et
al. 2011).

In addition to differences in how fur seals
used the area around their rookeries, seals
tagged at the different islands showed signifi-
cant differences in their use of time. The total
percentage of each track’s time spent in
patches (foraging ratio) was significantly
higher for Bogoslof Island seals than St. Paul
Island seals (Fig. 2; ANOVA: F = 7.65; df =

1,76; p = 0.007). For St. Paul seals,
there was a significant ef fect of zone
on foraging ratio (ANOVA: F = 6.33;
df = 2,75; p = 0.02). The foraging
ratios of St. Paul seals over the slope
most closely resembled the foraging
ratios for Bogoslof seals, though the
distributions were still significantly
different (ANOVA: F = 4.61, df = 1,
p = 0.05).

There was a significant difference
in total track duration between the 2
populations (ANOVA: F = 191.22; df =
1,27; p = 0.004). However, there was
no significant difference when the
total time spent in patches within
each track, rather than the ratio of
this time to total trip duration, was
compared between the different
islands (ANOVA: F = 1.75; df = 1,76;
p = 0.20). Across all tracks, total time
spent within patches averaged 51.4 h
(±13.7 SD).

Patches in fur seal tracks occurred
at all times of the day and night for
seals tagged on both islands; how-
ever, patches occurred disproportion-
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ately to the amount of time available (χ2 = 9.68, df = 3,
p = 0.001). Night made up only 29% of the study
period, yet 41% of Bogoslof animal patches and 39%
of St. Paul animal patches occurred at night. Only
51% of patches for Bogoslof seals and 52% of
patches for St. Paul seals occurred during the day,
even though daytime represented 63% of the study
period. This means that patches for animals from
both islands made up approximately 40−45% of
nighttime tracks, but only 18−25% of daytime tracks.
Despite these differences in relative foraging effort
between day and night, the horizontal foraging habi-
tat used by fur seals as described by kernel densities
did not vary significantly between day and night for
either island (St. Paul χ2 = 2.19, p = 0.33; Bogoslof χ2 =
1.40; p = 0.61).

The diel variation in the depth of fur seal dives was
dependent on island, zone, and time of day (mea-
sured using solar angle either binned in 2° incre-
ments or binned as day/night/twilight) as summa-
rized in Table 1 and Fig. 3. Typically, animals dove
deeper at night and shallower during the day, with
transitions during twilight.

The distribution of step lengths in fur seal trips was
significantly different from all of the distributions
representing variations in random search strategies
(KS Statistics: log-logistic = 0.10; Lévy = 0.29, expo-
nential = 0.81, gamma = 0.94, log-normal = 0.26, and
Weibull = 0.35; p < 0.05 for all comparisons). The log-
logistic distribution fit the data best; however, there
were distinct, significant mismatches between the
data and this distribution, with observed values
higher than the log-logistic distribution near 8, 128,
and 2000 m, and values lower than the distribution
near 32 m and 65 km (Fig. 4). The log-logistic distri-
bution was characterized by a shape parameter (α) of

1.31, indicative of a distribution with a broad mode,
and a scale parameter (β) of 42.48, representing the
median of the distribution.

Juvenile pollock patches

The characteristics of juvenile pollock in patches
varied primarily as a function of location. The number
of pollock patches on each transect, one measure of
pollock distribution, varied significantly with zone
(F = 8.25; df = 2,133; p < 0.001) but not with time of
day (F = 1.201; df = 1,133; p > 0.05) or the interaction
of zone and time (F = 1.20; df = 2,133; p > 0.05;
ANOVA). Post-hoc analysis showed that the number
of pollock patches was significantly different amongst
all 3 zones with the middle shelf averaging 185
patches per transect, the outer shelf averaging 377
patches per transect, and the slope 10 patches per
transect (p < 0.05 for all comparisons).

The characteristics of individual pollock patches
also varied primarily with location and with temporal
effects attributable to diel vertical migration. A
repeated measures MANOVA on the characteristics
of aggregations of pollock showed that there were
significant effects of sampling zone and time of day
and a significant interaction between them, but no
significant effect of transect (Table 2). The significant
effects of time of day and zone were further explored
for each pollock patch characteristic (summarized in
Table 3). None of the pollock size or density charac-
teristics changed with time of day. Reflecting vertical
migration, the minimum, mean, and maximum
depths of observed pollock patches were signifi-
cantly shallower at night than during the day (mini-
mum: 8 m vs. 16 m; mean: 22 m vs. 39 m; maximum:
48 m vs. 80 m). Inter-patch horizontal spacing of pol-
lock also changed because of diel vertical migration;
inter-patch spacing in the upper 20 m during the day
was significantly larger than the inter-patch spacing
over the entire water column (t = 7.53; df = 97; p <
0.001). However, the inter-patch spacing between 5
and 20 m at night was not significantly different from
the inter-patch spacing over the upper 100 m at all
times of day (t = 0.11; df = 97; p = 0.38).

Location effects were obvious when examining
indi vidual patch characteristics. Post-hoc analyses
showed that pollock patches over the slope were sig-
nificantly different than those over both shelf zones.
Patches over the slope had, on average, more than
double the density of pollock individuals (2.9 vs.
1.2 ind. m−3). These slope patches were also 31%
smaller horizontally (7.1 m vs. 10.2 m) and 37% taller
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                                                                      df         F          p

Individual seal                                               28     0.71      ns
Island                                                              1      4.90   <0.01
Zone                                                                2      6.67 <0.001
Solar angle                                                     43     11.87 <0.001
Day/Night/Twilight                                       2      9.91 <0.001
Individual × Solar angle                             1204   1.98      ns
Individual × Day/Night/Twilight                 56     1.07      ns
Individual × Zone                                          26     2.19      ns
Solar angle× Zone                                        559    7.11 <0.001
Day/Night/Twilight × Zone                           4      9.75 <0.001
Individual × Solar angle × Zone                1118   4.38      ns
Individual × Day/Night/Twilight × Zone    52     2.91      ns

Table 1. Summary of repeated measures ANOVA for the maxi-
mum depth of each northern fur seal Callorhinus ursinus patch
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(1.2 vs. 0.9 m) than patches over the
shelf. There were no differences in the
total number of juvenile pollock within
an individual patch or the total biomass
of pollock in each patch between zones.
There were no significant differences in
pollock horizontal patch size (F = 2.63;
df = 49; p > 0.05) or inter-patch spacing
(F = 2.17; df = 49; p > 0.05) in the slope
zone when the data was split into 2 cat-
egories by nearest rookery. For all fur-
ther scale analyses, all pollock data
over the slope were combined.

Horizontal scales

Fur seals exhibited retention behav-
ior at hierarchically nested spatial
scales (Fig. 5). Fur seals were retained
in small patches with an average hori-
zontal extent of just under 10 m that
were often further grouped together
into superpatches that had an average
horizontal extent of approximately
400 m. The size of superpatches was
positively correlated with the number
of patches that made them up (super-
patch size in m = 15.57 × number of
patches + 91.80; R2 = 0.63) and the
amount of time the predator spent in
the aggregation (superpatch size in m =
42.35 × time in superpatch in s − 17.33;
R2 = 0.87). There were no significant
effects for either rookery of distance
from rookery and the size, time spent
in, or number of patches in aggrega-
tions (regression analysis, p > 0.05). The
frequency of the observed number of
patches within an aggregation includ-
ing solitary patches as well as super-
patches fit a power law (number of ag -
gregations = 20041 [number of patches
in an aggregation]−1.865; R2 = 0.95). Fig. 5
shows all of the scales of defined reten-
tion areas as well as the gaps between
them. Scales of pollock aggregation
were nested similarly to fur seals,
though the extent of the scales that
could be explicitly analyzed were lim-
ited by the length of transects (10 km).
Results of repeated measures ANOVAs
on the horizontal scales of fur seal and
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pollock patch and gap sizes are summarized in
Table 4.

While the sizes of seal individual patches and
the size of superpatches did not change with
time of day (Table 4), the number of patches
making up the largest observed scale of fur seal
retention areas (either solitary patch or super-
patch) was affected by zone (F = 4.49, df = 2, p <
0.01), time of day (F = 6.29, df = 1, p < 0.005), and
their interaction (F = 18.93, df = 2, p < 0.001).
Onshelf, the average retention area consisted of
about 6 patches while offshelf, the average
retention area was made up of nearly 12
patches. During the day, the average fur seal
retention area consisted of 4 patches while at
night, it was made up of more than 16 patches.
Examining whether or not the largest retention
areas were either single patches or superpatches
shows similar patterns (χ2 = 13091.5, df = 3, p <
0.001). Onshelf, 66% of retention areas during
the day were solitary patches while offshelf,

42% of daytime retention areas were
made up of solitary patches. At night,
41% of onshelf retention areas were
solitary patches while only 29% of off-
shelf retention areas were solitary
patches.

Comparisons of fur seal and pollock
patch and gap scales were conducted
between islands split by zone when
identified as statistically important
(Table 4). No significant systematic dif-
ferences were observed in the distribu-
tions of the horizontal extent of pollock
patches and fur seal patches (Fig. 6;
middle shelf Z = −0.54, p = 0.59; outer
shelf Z = −0.74, p = 0.38; St. Paul slope
seals Z = −1.51, p = 0.13; Bogoslof seals
Z = −1.10, p = 0.27). There were no sig-
nificant differences observed between
onshelf seal inter-patch distances and

Effect                                 df               F               p

Transect                             97            0.61            ns
Zone                                   2             4.63        <0.001
Day/Night                          1             3.54        <0.001
Zone × Day/Night             2             2.51        <0.001

Table 2. Summary of a multivariate repeated measures
ANOVA for juvenile walleye pollock Theragra chalco -

gramma patch characteristics

Effect             Variable                                      df     F             p

Zone               Patch mean depth                      2   2.29          ns
                       Patch max depth                        2   3.38       <0.05
                       Patch min depth                         2   7.61      <0.001
                       Patch horizontal length             2   3.87       <0.05
                       Patch thickness                          2   4.44       <0.01
                       Patch area                                   2   2.22          ns
                       Nearest patch distance              2  10.02     <0.001
                       Patch mean density                   2  11.05     <0.001
                       Patch max density                      2   8.95      <0.001
                       Patch total biomass                    2   1.83          ns
                       Total number of fish in patch    2   2.06          ns

Day/Night     Patch mean depth                      1  14.57     <0.001
                       Patch max depth                        1  14.02     <0.001
                       Patch min depth                         1  12.16     <0.001
                       Patch horizontal length             1   0.09          ns
                       Patch thickness                          1   0.97          ns
                       Patch area                                   1   2.56          ns
                       Nearest patch distance              1   0.02          ns
                       Patch mean density                   1   0.19          ns
                       Patch max density                      1   0.72          ns
                       Patch total biomass                    1   0.11          ns
                       Total number of fish in patch    1   0.06          ns

Zone ×           Patch mean depth                      2   5.85      <0.001
Day/Night   Patch max depth                        2   6.44      <0.001

                       Patch min depth                         2   1.20          ns
                       Patch horizontal length             2   1.87          ns
                       Patch thickness                          2   2.96          ns
                       Patch area                                   2   1.46          ns
                       Nearest patch distance              2   2.25          ns
                       Patch mean density                   2   0.81          ns
                       Patch max density                      2   1.16          ns
                       Patch total biomass                    2   2.18          ns
                       Total number of fish in patch    2   0.92          ns

Table 3. Summary of MANOVA effects for each juvenile walleye 
pollock Theragra chalcogramma patch characteristic
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pollock inter-patch distances at the
same locations (Fig. 7; middle shelf
Z = −0.19, p = 0.88; outer shelf Z =
0.08, p = 0.95). However, both Bogos -
lof seals and St. Paul seals over the
slope had significantly smaller inter-
patch distances than pollock (St. Paul
seals: Z = −2.81, p < 0.001; Bogoslof
seals Z = −1.62, p < 0.001). No signif-
icant differences were ob served in
the distributions of the horizontal
extent of pollock superpatches and
fur seal superpatches (Fig. 8; middle
shelf Z = −0.18, p = 0.86; outer shelf
Z = −0.33, p = 0.74; St. Paul slope
seals Z = −0.08, p = 0.94; Bogoslof
seals Z = −0.09, p = 0.93). No signifi-
cant effect of zone was observed on
either fur seal or pollock inter-super-
patch distances, but fur seal inter-
superpatch distances were affected
by island (Table 4). Therefore, data
were pooled by island for compari-
son of inter-superpatch distances
which showed that there was no dif-
ference between St. Paul seals and
pollock (Fig. 9; Z = −0.76, p = 0.54).
However, Bogoslof seal inter-super-
patch distances were significantly
smaller than those of pollock (Z =
−1.99, p < 0.01).
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                                                         df   Patches Interpatch Superpatches Superpatch Kernel
                                                                          F          p   spacing              F          p spacing              F          p
                                                                                                       F          p                                        F          p

Fur seals                                                                                                                                                                               
Individual seal                                 28           1.45       ns          0.96      ns          1.79       ns          0.93       ns          1.11       ns
Island                                                 1            0.74       ns          1.35      ns          7.84   <0.001      4.10   <0.001      9.79   <0.002
Day/Night                                         2            0.82       ns          0.56      ns          2.85       ns          1.07       ns          1.67        –
Zone                                                  2            6.67   <0.001     29.13 <0.001      9.89   <0.001      0.86       ns          1.05        –
Individual × Day/Night                   56           1.22       ns          1.07      ns          5.61   <0.005      0.95       ns          0.55        –
Individual × Zone                            26           4.06   <0.001     37.95 <0.001      3.59      0.02        0.83       ns          0.81        –
Day/Night × Zone                            4            0.84       ns          1.46      ns          0.56       ns          1.16       ns          1.16        –
Individual × Day/Night × Zone      52           4.01   <0.001      1.69      ns          0.72       ns          0.28       ns          0.28        –

Pollock                                                                                                              
Transect                                            97           0.18       ns          0.87      ns          1.10       ns          0.11       ns            –           –
Day/Night                                         1            1.57       ns          1.29      ns          0.72       ns          0.96       ns            –           –
Zone                                                  2            7.19   <0.001      5.62  <0.001      3.90    <0.02       1.42       ns            –           –
Day/Night × Zone                            4            1.82       ns          1.25      ns          0.94       ns          1.03       ns            –           –

Table 4. Summary of repeated measures ANOVAs on the horizontal size of aggregations and gaps for both northern fur seals 
Callorhinus ursinus and juvenile walleye pollock Theragra chalcogramma. Bold: significant; ns: not significant
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DISCUSSION

Search strategy

The search strategies of fur seals tagged at 2
breeding islands in the Bering Sea showed that they
do not use a random search pattern. Instead, their
searches showed characteristic spatial scales. The
step lengths between areas of retention did not fit
distributions hypothesized for random walks (Fig. 4),
but instead showed distinctive peaks at scales of 8,
128, and 2000 m and nulls near 32 m and 65 km. It is
important to note that if only scales >100 m were
included in the analysis, it would have been possible
— using an approach from previous studies (e.g. Sims
et al. 2008), but contested by Edwards et al. (2007) —
to have identified a Levy walk pattern with the frac-
tal dimension of the distribution (μ), of 2.4, consistent
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with a highly efficient search pattern. While robust
statistical evaluation does not support a Levy pattern
even at these larger scales, deviations from a distri-
bution predicted by a random walk were visually
identifiable at scales smaller than 100 m. These small
scale behaviors would not have been resolved using
only surface locations (i.e. GPS used in this study
with ~50 to 100 m horizontal resolution; Hazel 2009),
highlighting the importance of using appropriately
resolved data in the analysis of foraging behavior
(Edwards et al. 2007).

The non-random patterns of fur seal step lengths
reflect the scales of retention areas, or patches, iden-
tified in fur seal behavior within this system. These
areas of retention and the gaps between them were
hierarchically nested, with horizontally small patches
clustered together into larger aggregations we
termed ‘superpatches’, which were clustered into
even larger areas identified using kernel statistics.
The spaces between areas of retention within a scale
were similar to, or slightly larger than, the areas
themselves (Fig. 5). The presence of this hierarchical
structure in fur seal movement masks patterns pres-
ent in their movement when examining movement
without differentiating its type. The advantages of
identifying the nested nature of both positive areas
(patches) and the connections between them when
assessing the mechanisms of animal foraging is high-
lighted by comparing Fig. 4 (the sum of all move-
ments) with Fig. 5 (those same movements split by
whether they help an animal remain within an area
of interest or move an animal to the next area with
careful assignment of variance in behavior to levels
in a hierarchy; Fauchald et al. 2000).

As with fur seals, juvenile walleye pollock in the
study area occurred in aggregations at hierarchically
nested spatial scales. Small patches <10 m in hori-
zontal extent were clustered with other juvenile pol-
lock patches to form ‘superpatches’. Larger scales of
pollock aggregation are likely (Ressler et al. 2012)
but could not be identified with the methods used
here. Juvenile pollock patches had a median depth of
22 m during the day and 14 m at night. Even with
vertical movement, the horizontal scales of these
young pollock remained consistent throughout the
day and night.

Throughout day and night, patches in fur seal
tracks occurred primarily in the upper water column,
at depths <15 m. The absolute maximum depth ob -
served within fur seal patches in the middle shelf
occurred near the seafloor depth of 100 m. Similarly,
in some areas of the outer shelf, the maximum depths
reached the seafloor. However, <5% of patches had

maximum depths >30 m. This was true at all times
and locations — hence, fur seals only rarely formed
patches near the seafloor. This does not mean that fur
seals were not foraging on the seafloor given that
some fur seals over the shelf spent considerable time
foraging at or near the bottom (Nordstrom et al.
2013). However, seals using these areas largely
moved in straight lines (Kuhn et al. 2010) which pre-
vented identification of these foraging events by the
methods we used. Like pollock patches, the horizon-
tal scales of fur seal patches were not affected by
time of day, even though fur seals spent about twice
as much time in patches at night than during the day;
consistent with the relative day and night activity
levels reported previously (Ichihara & Yoshido 1972).

Predator–prey coherence

The consistency of horizontal patch scales for both
juvenile pollock and lactating fur seals across the diel
cycle allowed us to compare the distributions of these
scales despite differences in sampling effort. We
found that the distribution of the scales of patches of
both pollock and fur seals were very similar across all
spatial scales we were able to compare (e.g. up to the
length of our survey transects, 10 km; Figs. 6 to 9).
Most striking was that the differences observed in
the spatial scales of pollock between the shelf and
slope areas corresponded with the difference in fur
seal patches between the 2 habitats. This indicates
that search strategies of fur seals are not innate pat-
terns decoupled from the environment. Instead,
aggregations of juvenile pollock appear to form the
spatial backbone of the strategy that fur seals use to
move through the habitat while foraging. This was
true for seals from both rookeries even though juve-
nile pollock made up very little of the fur seal diet on
Bogoslof Island (Zeppelin & Orr 2010, A. W. Trites
unpubl. data).

The fact that fur seal patches match the scale of in-
dividual patches of pollock, even when pollock are
only a limited portion of their diet as on Bogoslof Is-
land, is likely a result of our attention to areas of spa-
tial retention in fur seal movement. Schooling prey
such as pollock and other species (i.e. Atka mackerel,
sandlance, stickleback, and herring) that contribute
to the diet of Bogoslof fur seals may be more likely to
result in this retention than solitary or loosely aggre-
gated prey such as the mesopelagic squid and fish
that make up the largest portion of the diet of seals
from Bogoslof Island. As with other re searchers, we
observed these mesopelagic prey distributed in ex-
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tensive, low density layers (Pearcy et al. 1979, Sinclair
& Stabeno 2002) rather than the small schools of po-
larized, densely packed individuals observed in juve-
nile pollock and other fur seal prey species.

The congruence in the gaps between patches and
superpatches in fur seal movements and juvenile pol-
lock suggests that predictable aggregations of
schooling species serve as bases defining the spatial
pattern which connects the remainder of their forag-
ing efforts. Using patches of predictable prey such as
juvenile pollock as bases in their swimming path
would present a viable strategy that fur seals could
use to search for all prey species, relying on the rela-
tive guarantee of finding prey schools through pat-
terned movement even while exploiting more ran-
domly or evenly distributed prey of higher quality
such as mesopelagics when they are encountered
along this path. Predator search efficiencies are pre-
dicted to be greater in hierarchically nested prey sys-
tems (Fauchald 2009), as we observed for juvenile
pollock, in contrast to the largely unstructured sys-
tems observed in mesopelagic prey species at this
spatial scale.

Fur seals preferences

Fur seals formed patches with sizes roughly in pro-
portion to those of juvenile pollock within oceano-
graphically distinct zones (Coachman 1986), regions
previously shown to define fur seal foraging areas
(Goebel et al. 1991, Robson et al. 2004, Zeppelin &
Ream 2006). However, over the deep waters of the
slope zone, the spacing between fur seal patches was
biased towards the lower mode of inter-patch dis-
tances of pollock (~8 m, Fig. 7). In all zones, fur seals
oc curred in higher proportions in small (~70 m)
superpatches than pollock, and in lower proportions
in large (~2500 m) superpatches than pollock (Fig. 8).
Fur seals also tended to have shorter inter superpatch
distances than the overall distribution of these meas-
urements in pollock (Fig. 9). So, while the spatial
behavior of fur seals closely matched the spatial dis-
tribution of juvenile pollock, fur seals did not use the
pollock aggregations randomly.

Population differences

Considering the entire habitat available for forag-
ing, fur seals from the 2 rookeries we studied showed
a clear preference for waters ≥200 m deep. Fur seal
foraging behavior was concentrated over the slope

where juvenile pollock patches were denser, rather
than the shelf where pollock patches were more
abundant and larger. Selecting deep water habitats
resulted in St. Paul fur seals ranging much further
from the rookery than those tagged on Bogoslof
Island. The trips from St. Paul were nearly double the
duration of those from Bogoslof, perhaps influenced
by higher competition near the larger rookery.

Bogoslof rookery seals spent significantly more of
their trip time forming patches than seals from St.
Paul (Fig. 2). St. Paul seals spent a lower proportion
of time feeding, in part due to having greater transit
times to and from the slope from the shelf — although
restricting the comparison to only time spent off the
slope still showed that St. Paul seals spent less time in
patches than those from Bogoslof Island. Whether
this difference reflects differences in intraspecific
competition or differences in the availability of alter-
nate prey species is unknown; however, it might play
a role in explaining the population growth at Bogos -
lof Island and the fur seal decline at St. Paul Island.

Both populations of fur seals spent the same total
time per trip within patches (Fig. 2), in contrast to the
predictions generated from central place foraging
theory which suggest that time in patches should
increase as distance from the colony increases (Ori-
ans & Pearson 1979). The constant total patch time
we measured may indicate the time that seals need to
spend foraging within patches to optimize the benefit
of a foraging trip, regardless of the amount of forag-
ing that occurs outside of patches (which, based on
diet, is quite different between these colonies). Data
from additional years with different prey conditions
would be valuable in testing this hypothesis.

Temporal patterns

In addition to the spatial scales that we observed in
fur seal foraging behavior, patterns emerged from
our analysis at 2 temporal scales. First, fur seals for-
aging in waters ≥200 m deep underwent diel vertical
migrations, meeting their prey as it ascended
towards the surface near dusk as observed in previ-
ous studies (Kuhn et al. 2010). Fur seals followed
their prey towards the surface throughout the night,
before they followed it deeper as dawn approached,
forming a ‘W’ in dive depths over the course of a
night. These vertical movements averaged 10−15 m
each night, similar to the diel vertical movement
observed in juvenile pollock which averaged a depth
change between 8 and 17 m. The maximum dive
depths of fur seals over the slope overlapped nearly
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perfectly with that of juvenile pollock in the same
area at night. The vertical movement of seals was,
however, asymmetrical, with a greater descent at
dusk than at dawn; a pattern observed in predators of
a range of sizes following vertically migrating prey
(Benoit-Bird & Au 2003, 2006), but one that has not
been previously described in northern fur seals. The
asymmetrical diel migration in fur seals is likely due
to a decreased benefit/cost ratio of foraging at depth
at dawn relative to dusk because of satiation, detec-
tion limitations, or asynchrony in the migration of
their prey (Enright 1977, De Robertis 2002). Unfortu-
nately, the temporal resolution of our prey data does
not allow us to separate these hypotheses.

A second temporal pattern in patch formation was
observed within individual fur seal trips. Fur seals
from St. Paul Island that did not spend considerable
time in the middle shelf formed patches in their
swimming paths in shallow waters on the outbound
component of each trip. However, they did not form
them on the way back to the rookery. Again, this
asym metry points to a change in the benefit/cost
ratio — most likely a combination of attaining enough
resources for the trip and the need to return to feed
their pups. This pattern would have been missed
entirely if we had employed the approach to catego-
rizing foraging from previous work (Gentry et al.
1986) and excluded all behavior ≤5 m from the sur-
face, as all patches formed by fur seals over the shelf
on their trips out to deep water occurred near the
 surface.

In contrast to previous efforts (Gentry et al. 1986,
Gentry et al. 1998), our data indicate that fur seals for-
age at all times of the day and night. Using patterns in
tortuosity to define patches in a predator has an ad-
vantage over traditional methods because it utilizes
the animal’s behavior to identify regions of retention
during active swimming, but requires few other as-
sumptions about what foraging should look like. Us-
ing depth (Gentry et al. 1986) or depth pattern (Gen-
try et al. 1998) to identify feeding has re sulted in the
exclusion of all daytime surface be havior in previous
descriptions of fur seal foraging. The majority of dives
we recorded over the slope were >5 m and occurred
at night. As a result, during dark periods, our ap-
proach resulted in similar classifications of foraging
areas to those employing only depth as a criteria.
However, our results showed that daytime patches
did not differ from nighttime patches (other than their
depths) although areas of retention occurred about
half as often during the day compared to night. The
fact that patches formed by fur seals have the same
horizontal scales during day and night indicates a

common set of drivers or selective mechanisms.
These foraging locations should not be excluded from
descriptions of fur seal foraging efforts.

Similar to the patterns observed in fur seal patches,
the horizontal scales of juvenile pollock patches did
not differ with time of day. At all times, pollock
patches near the surface (5−20 m) were the same
scale as those found at depth (20−100 m). This indi-
cates that the primary driver for the formation of fur
seal patches was indeed pollock throughout the diel
cycle. The decreased frequency with which seals dis-
played patch formation during the day likely reflects
the decreased number of pollock patches found in
surface waters during the day. Our data suggest that
fur seals forage for juvenile pollock throughout the
entire diel cycle. Diving to deeper depths at night
would allow fur seals to access more of these pollock
patches as they rise towards the surface and become
denser in surface waters while simultaneously facili-
tating foraging on the other diel migrators (mycto -
phid fish, squid, and northern smoothtongue) that
make up their diet.

Analysis of the approach

A second advantage to the technique we used to
identify fur seal foraging is that it does not define the
spatial scale of patches a priori as in many other meth-
ods (reviewed in Horne & Schneider 1995), al low ing a
wide range of patch sizes to be detected. The mini-
mum size of a detectible patch is based on the swim-
ming speed of the animal as well as on how much
turning the animal does. In practice, our minimum
consistently observed patches were approximately
1 m, approaching the length of an individual seal.

Analyzing the spatial patterns as we did was criti-
cal to identifying the nested scales of fur seal forag-
ing patterns. Non-stationarity is a key property of
hierarchical patch systems (e.g. the probability of a
spatial process is unequal throughout space). Thus,
the results from global analyses of spatial structure
(variograms, correlograms, spectral analyses, wave -
lets, and fractals) are highly confounded (Fau chald et
al. 2000) such that large-scale patterns mask nested
small-scale patterns.

One concern about using high-resolution, modeled
animal movement is the errors inherent in the
absolute positions between known locations. How-
ever, even when track reconstruction results in errors
such that true positions cannot be resolved, the rela-
tive movement displayed by the animal can still be
usefully assessed in a behavior context provided the



Benoit-Bird et al.: Hierarchical foraging matches prey spatial scales

time interval over which the analysis is conducted is
not excessive (Wilson et al. 2007). In this case, fur seal
aggregations larger than individual patches were at
spatial scales greater than distances between the
GPS positions that anchored the tracks, limiting the
importance of reconstruction errors at these large
scales, while individual patches occurred at temporal
scales of ~1 min, limiting the potential for significant
errors in relative position. Our estimates of the track
compression and expansion necessary to match GPS
positions indicate that the errors are unbiased, mean-
ing that the mean patch sizes are unlikely to be
affected by track estimation errors. Instead, errors
would affect the spread of the distribution. The stan-
dard deviation in the distribution of estimated track
expansion and compression provides an estimate of
the potential change in dispersion due to track recon-
struction errors; ~ 25% for both islands.

Evidence that reconstructed tracks are useful in as-
sessing the multi-scale tortuosity of complete animal
tracks without bias for scale (Wilson et al. 2007) is
found by comparing fur seal scale patterns be tween
islands. While there are no differences ob served in
patch and inter-patch size distributions for slope ani-
mals from the 2 colonies, as might be ex pected due to
differences in GPS location updates, there were clear
differences between habitat types for St. Paul
animals (Figs. 6 & 7, for example). Variation in the
behavior of animals from these 2 populations was
greater than the errors in estimating the scale of
these behaviors through track reconstruction.

Hierarchical foraging

Examining patterns in the tortuosity of high-resolu-
tion reconstructed animal tracks shows that fur seals
are able to perceive and respond to prey variability at
scales ranging from <10 m through the 10 km scale of
our transects. Given that we were unable to find a
spatial scale in prey that fur seals did not match or
selectively avoid, we may not have sampled prey
finely enough to determine the smallest scale (the
grain of heterogeneity; Kotliar & Wiens 1990) that fur
seals can perceive and respond to. It is possible for a
fur seal to respond to heterogeneity in the distribu-
tion or quality of prey at the level of the individual,
the smallest scale at which it is possible to define
grain for a species that consumes prey whole. This is
remarkably fine sampling for a predator foraging
over such a wide area of the ocean. Testing this hypo -
thesis in the field, however, presents incredible sam-
pling challenges.

Fur seals also showed spatial pattern in their forag-
ing at scales larger than the 10 km scale of prey sam-
pling, with a clustering in their behavior at a scale of
30 to 50 km. Thus, we are unable to define the largest
scale of prey (the extent; Kotliar & Wiens 1990) that
they respond to — the upper limit of which is likely
set by an individual’s need to return to her offspring
rather than the distribution of prey. However, given
the tight coupling in spatial scales between pollock
and fur seals at the scales where we have measure-
ments for both, it is reasonable to suggest that juve-
nile pollock are also aggregated at 30 to 50 km.

The ‘habitat’ of the Bering Sea as defined by fe -
male fur seals rearing pups encompasses a wide
range of scales from <1 m to >50 km. This under-
standing provides critical information on the percep-
tion of space by these animals and identifies the
scales that must be considered when assessing pro-
cesses driving individual behaviors and population
dynamics (Johnson et al. 2002). Our preliminary
descriptions of the smallest and largest scales of
patch response of fur seals provide reference scales
that facilitate comparison to the structure of spatial
heterogeneity in other predator–prey systems
(Kotliar & Wiens 1990). While studies of hierarchical
patchiness remain limited in marine systems, we
found that fur seals have a substantially finer grain
than the other pelagic marine predators for which
this has been defined (Fauchald et al. 2000, Fritz et
al. 2003), perhaps because of the relative consistency
of pollock patch characteristics compared to the rap-
idly evolving prey patches in these studies.

Our analytic approach permitted measurements of
predators at broader extents than these other studies
as well (but see Fauchald & Tveraa 2006, Weimer-
skirch et al. 2007), yet did not define the upper limit
of fur seal extent in relation to prey. Once the limits of
fur seal patch response can be fully defined, these
standardized metrics of spatial heterogeneity will
permit comparisons to studies in terrestrial systems
where hierarchical patch studies are becoming com-
mon, particularly in the context of landscape ecology
(Wiens 1989, Zhang & Sanderson 1993, Girvetz &
Greco 2007). Further refining the scale of the fur seal
foraging response can also inform modeling efforts
that have begun to tackle foraging in these complex,
realistic prey regimes (Fauchald 1999, Nams 2005).

In addition to demonstrating that fur seals respond
to prey over a wide range of scales, we showed that
fur seals are able to simultaneously respond to sev-
eral levels of prey patchiness. This resulted not only
in strong correlations between predator and prey at
one scale, but over the entire range of aggregation
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scales observed in juvenile pollock. This differs from
other examinations of hierarchical predator–prey
interactions (Fauchald et al. 2000, Fauchald 2009)
and scale-dependent analyses (Schneider & Piatt
1986, Logerwell et al. 1998, Mehlum et al. 1999) in
pelagic marine systems where coherence has been
observed over only part of the range of observed
scales. The presence of this sort of hierarchical,
scale-dependent aggregation influences to what
degree we can understand predator behavior and
predict predator–prey interaction dynamics (Wu &
Loucks 1995).

Hierarchical patch structure may explain devia-
tions of predators from the predictions of foraging
theories based on prey occurring in a discrete, homo-
geneous patch in an ecologically neutral background
matrix (Kotliar & Wiens 1990). As both predator and
prey in this system exhibited a complex, highly con-
nected hierarchy of patches, small changes in scale
would change the variance structure of the system —
and result in large effects on prey encounter rates
and the time a predator remains in a patch (Charnov
1976, Krebs 1978, Kotliar & Wiens 1990). Predators in
these types of systems need to use scale-dependent
movement patterns that match the spatial scale of the
environment (Fauchald 1999) rather than simply in -
creasing turning rate in areas of high prey density
and decreasing it in areas of low prey density — a
pattern known as area restricted search (Grunbaum
1998). The high degree of match between the spac-
ing of prey patches observed and the step lengths of
fur seals we tracked suggests that fur seals have
developed strategies to successfully exploit patchy
juvenile pollock and likely other small schooling spe-
cies. Despite a varied diet, the spatial scales of the
distribution of predictable patches of prey such as
juvenile pollock are critical in determining how
female fur seals utilize the habitat surrounding their
rookeries in the southeastern Bering Sea.
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