Ecology, 91(4), 2010, pp. 1004-1015
© 2010 by the Ecological Society of America

The role of body size in individual-based foraging strategies

of a top marine predator
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Abstract. Body size is an important determinant of the diving and foraging ability in air-
breathing marine vertebrate predators. Satellite-linked dive recorders were used during 2003—
2004 to investigate the foraging behavior of 22 male California sea lions (Zalophus
californianus, a large, sexually dimorphic otariid) and to evaluate the extent to which body
size explained variation among individuals and foraging strategies. Multivariate analyses were
used to reduce the number of behavioral variables used to characterize foraging strategies
(principal component analysis, PCA), to identify individually based foraging strategies in
multidimensional space (hierarchical cluster analysis), and to classify each individual into a
cluster or foraging strategy (discriminant analysis). Approximately 81.1% of the variation in
diving behavior among individuals was explained by three factors: diving patterns (PC1),
foraging effort (PC2), and behavior at the surface (PC3). Individuals were classified into three
distinct groups based on their diving behavior (shallow, mixed depth, and deeper divers), and
jackknife resampling of the data resulted in correct group assignment 86% of the time. Body
size as an independent variable was positively related to dive duration and time spent ashore
and negatively related to time at sea, and it was a key parameter in PC2 used to classify the
three distinct clusters. Differences among individual-based foraging strategies probably were
driven by differences in body size, which enabled larger animals to dive deeper and forage
more efficiently by targeting different and perhaps larger prey items. The occurrence of
foraging specializations within a species and age class has implications for quantitative

modeling of population-level predator—prey interactions and ecosystem structure.
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INTRODUCTION

Body size is a derived trait that evolves in response to
a complex interaction between the organism and its
environment that directly affects its ecology, behavior,
and physiology (Peters 1983, Brown et al. 2004).
Further, body size determines where, how, and what
kind of prey can be eaten (Peters 1983). This is
particularly important for air-breathing marine verte-
brates for which diving ability is directly related to body
mass (Schreer and Kovacs 1997, Halsey et al. 2006).
Diving ability is determined by the difference in scaling
between oxygen stores, which scales as mass'®, and the
rate of oxygen utilization, which scales with mass®¢7 %73,
In contrast, absolute metabolic requirements increase
proportionally with body mass, which means that larger
individuals require more energy per unit time than
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smaller individuals (Peters 1983). Among marine mam-
mals, sexual dimorphism is evident for many taxa, and
the requirement for greater energy intake may lead to
different foraging strategies and differences in ecology
between sexes and among age classes.

A variety of marine bird, turtle, and mammal species
either specialize or exhibit a combination of three
distinct foraging strategies: epipelagic, mesopelagic,
and benthic diving patterns (Tremblay and Cherel
2000, Costa et al. 2001, 2004). Each strategy is defined
by functional characteristics related to dive patterns and
searching effort, and inferences about the use of oxygen
stores and target prey type, size, and vertical distribution
(Houston and Carbone 1992, Thompson and Fedak
2001). Predators exhibiting the epipelagic foraging
strategy dive in the upper part of the water column,
search for prey throughout the entire dive cycle, and
often eat small, schooling prey (Gentry et al. 1986, Costa
et al. 2001). These prey vertically migrate upward during
the night as part of the deep scattering layer; conse-
quently, epipelagic predators often display a diel pattern
with more frequent, shallow, short-duration dives
during the night (Gentry et al. 1986). Mesopelagic
predators also exhibit a diel pattern, but dive deeper for
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longer durations to the midwinter column (>200 m),
searching for fewer but larger prey items or small,
numerous, energetically rich prey at the deepest portion
of their dives (Costa et al. 2004). Benthic predators
search at the deepest portion of their dives, usually on or
near the bottom substrate for single, large prey items,
and are restricted to the continental shelf or seamounts
(Costa and Gales 2003). Benthic prey rarely migrate
vertically, so benthic divers have no diel pattern
(Tremblay and Cherel 2000, Costa and Gales 2003). In
contrast to epipelagic predators, mesopelagic and
benthic foragers exhibit longer duration dives as they
spend more time in transit to the foraging depths. As a
result they must maximize the time spent searching for
prey at the bottom of the dive (Houston and Carbone
1992, Thompson and Fedak 2001); therefore, they
commonly meet or exceed their calculated aerobic
diving capacity (Costa et al. 2004).

Among air-breathing diving marine vertebrates,
otariids (sea lion and fur seal) exhibit the most
consistent and greatest degree of sexual size dimor-
phism, males being 2—4 times the mass of adult females
and 1.5-2 times the length. Our understanding of the
foraging ecology of otariids, however, is almost exclu-
sively derived from studies of at-sea movement and
diving behavior of smaller adult females (Shaffer and
Costa 2006). Otariid females alternate periods at sea
foraging with periods ashore provisioning their pups
(Costa 1993). These patterns and their ease of handling
facilitate the recovery of dive recorders, making
lactating female otariids a favored research subject
(Shaffer and Costa 2006). In contrast, studies of adult
male otariids have been limited because of their large
size, aggressive behavior, and the unpredictability of
their rookery attendance, which makes instrument
recovery difficult (Boyd et al. 1998). Recently, data
compression techniques have enabled the transmission
of detailed dive behavior data, negating the need to
recover the instrument (Fedak et al. 2001). These
techniques have been validated against more traditional
archival instruments (Myers et al. 2006).

Because male otariids are not involved in parental
care, they can maximize their fitness by traveling farther
in search of prey than do females; this, in turn, reduces
the potential for intraspecific competition for resources.
Insights into male otariid foraging behavior have
indicated that in some species males use different prey
species than females (Page et al. 20054) and use
dramatically different foraging strategies by foraging
farther from haul-outs (Green 1997, Hindell and
Pemberton 1997, Boyd et al. 1998, Campagna et al.
2001, Kirkwood et al. 2002, Page et al. 20055), spending
more time at sea (Campagna et al. 2001), and diving
deeper than females (Green 1997, Boyd et al. 1998, Page
et al. 2005b).

Foraging activities of apex predators can structure
communities through trophic cascades or top-down
predation pressure that can alter the number and/or
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strength of interactions among trophic levels (Estes et al.
1998). California sea lions are one of the most abundant
apex predators in the California Current System
(237000 to 244000 individuals; Carretta et al. 2005).
Until recently, studies of foraging behavior of this
species have been limited to adult females at rookeries in
southern California (Feldkamp et al. 1989, Kuhn 2006).
Weise (2006) observed diving behavior of male sea lions
that was largely consistent with a shallow, epipelagic
(<200 m) foraging strategy with a diving depth of 35 *
4 m (mean = SE), diving duration of 2.0 = 0.1 min, and
a strong diel pattern. However, variation in diving
behavior among age (subadult and adult males; Weise
2006), sex (adult female sea lions; Feldkamp et al. 1989,
Kuhn 2006), and region (Weise 2006) indicates the
potential for individual-based foraging strategies. Sea
lions in general have a diet that is temporally dynamic,
with animals feeding on seasonally abundant schooling
or aggregating prey, exploiting several species at a time
that range in size from small, pelagically schooling prey
(i.e., sardine, anchovy) to larger salmonids (Lowry et al.
1990, Weise 2006, Weise and Harvey 2008). An
understanding of trophic interactions within coastal
ecosystems along the West Coast of North America
requires a more complete assessment of the foraging
ecology of this large and abundant apex predator.

Individual-based foraging strategies have been iden-
tified among air-breathing marine vertebrates, including
a broad taxonomic range of seabirds (Radl and Culik
1999, Kato et al. 2000), toothed whales (Ford et al. 1998,
Laidre et al. 2002), pinnipeds (Lea et al. 2002, Austin et
al. 2004, Staniland et al. 2004), and otters (Tinker et al.
2007). There are several hypotheses to explain the
occurrence of alternative foraging strategies in air-
breathing marine vertebrates, including (1) spatially
explicit foraging strategies in which individuals target
prey that are distributed at different depths and/or
different geographic locations; (2) polymorphic foraging
strategies in which individuals target different prey
species in the same habitat; and (3) ontogenetic foraging
strategies in which predators of different size or age
consume different-sized prey and/or different species.

These same hypotheses may explain previously
observed variation in diving behavior among individual
male California sea lions (Weise 2006) and the potential
for alternative foraging strategies among individuals
that feed on a variety of prey types. In this study we used
satellite-linked time-depth recorders to investigate
variation in diving behavior among individual male
California sea lions after the breeding season along the
West Coast of North America, and examined the
potential for individual-based foraging strategies. We
used a multivariate analysis approach to examine
variation among individual males and to identify and
characterize individual-based foraging strategies. This
approach may be applicable for studies of diving
behavior in a broad range of air-breathing marine
vertebrates.
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METHODS
Handling of study animals

Male California sea lions were captured and instru-
mented in Monterey, California, USA (36°36.5" N,
121°53.4” W) from September to December 2003, using
an aluminum enclosure (3 X 4 X 2 m) and squeeze cage
(2.5 X 1.0 X 1.5 m; R. DeLong, National Marine
Mammal Lab, personal communication; see Appendix:
Fig. Al). Individuals were physically restrained in the
squeeze cage, sedated with Midazolam intramuscularly
at 0.20 mg/kg (mixed with atropine at 0.02 mg/kg) and
then anesthetized with Isoflurane gas (0.5-5% dosage)
vaporized and delivered in a mixture with O, at 5-15
L/min using a circular rebreathing circuit via gas mask
or intubation. Once sea lions were quiescent, lengths and
girths (=0.5 cm) were measured and mass was deter-
mined with a digital hanging scale (*£0.5 kg; Dyna-Link
MSI-7200; Measurement Systems International, Seattle,
Washington, USA). Age data were not collected from
individuals in this study; however, as accepted generally
and in this study, adult males (mean 187 kg) were larger
in body size than subadult males (mean 111 kg) and
were distinguished by secondary sexual characteristics,
such as a well-developed sagittal crest.

Data sampling

Male diving behavior and movement data were
collected using satellite-relay data loggers (SRDL 7000,
Sea Mammal Research Unit, St. Andrews University,
Scotland) attached to the dorsal pelage at the point of
maximum girth using 5-min epoxy. Onboard data were
summarized and transmitted via the ARGOS system
when the animal surfaced (Fedak et al. 2001). Tags
recorded dive depth (minimum > 5.5 m), diving
duration (minimum >10 s), and surface interval using
a 4-s sampling frequency. Data from the first three
SRDLs deployments were used to characterize diving
behavior and optimize data acquisition, indicating that
the minimum depth for a dive was 5.5 m and duration
was 10 s. Behavior above 5.5 m was considered surface
related, and included swimming, handling and consum-
ing prey, and resting. For every dive, start and end time
were recorded, and dive depth (£0.5 m), dive duration
(=1 s), and surface interval were sampled every 4 s.
Horizontal swim speed was calculated using a linear
interpolation of time and distance between Argos dive
positions (McConnell et al. 1992).

Summaries were transmitted for every 4-h period:
mean and SD of percentage of time spent diving,
swimming at the surface (<5.5 m and 10 s), and onshore
resting; maximum depth and maximum dive duration;
and number of dives. While the animal was in the water,
surface swimming was recorded if no dives were
recorded for 6 min. A haul-out period began after the
tag was dry for 6 min and ended after the tag was wet for
40 s.
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The SRDLs provided a combination of randomly
sampled “profile dives,” which in addition to depth and
location, recorded water temperature (=0.1°C) every 4 s
during one of the two deepest dives every 2 h during
each 24-h period. Temperature profiles were compressed
using a broken-stick method (McMahon et al. 2005),
which produced 12 temperature—depth pairs.

Data analysis

Diel patterns in diving behavior were examined by
transforming data to local time and calculating the mean
of dive parameters for each hour of the day for each
individual. Activity patterns (percentage of time on-
shore resting, swimming, or diving) were arcsine
transformed. Trip duration was calculated by subtract-
ing end time of haul-out period from start time of the
next haul-out period, and only trips bounded by
sequential haul-out periods were used in analysis.
Activity patterns and diving frequencies were deter-
mined only from those days in which data were received
for all 4-h summary periods.

Habitat was defined as the region of diving activity
within the water column relative to the depth of the
thermocline and distance from the seafloor. Thermocline
was used because sea lions mostly prey on schooling,
vertically migrating species, which occur over the
continental shelf and shelf break in association with
the thermal stratification of the water column (Weise
2006, Weise and Harvey 2008). Thermocline was
estimated on “profile” dives by interpolating between
the 12 temperature—depth pairs at 1-m intervals, and
identifying a change in temperature gradient of
0.05°C/m over a minimum of three consecutive temper-
ature points in either direction using purpose-built
software in IKNOS Toolbox (Y. Tremblay, unpublished
software). Least-squares regression was fitted to ther-
mocline depth vs. diving depth for all dives with
temperature profiles per individual, and residuals
(difference between dive depth and regression line) from
this relationship were used to compare diving behavior
relative to the thermocline among individuals. We
compared dive depth and seafloor depth as determined
using the ETOPO2 Global 2’ elevations based on 2 X 2
minute grids from the national Geophysical Data Center
(Smith and Sandwell 1994).

Twenty-two commonly used variables were used to
describe diving behavior (Tremblay and Cherel 2000,
Page et al. 2005b). Using principal component analysis
(PCA), we reduced these 22 behavioral variables to 12
and then into a few dominant, orthogonal axes to
characterize and compare foraging strategies among
individuals. Variables excluded were mean and standard
deviation of the ratio of dive depth to bottom depth;
mean time at depth; season (as defined by Broenkow
1977); maximum dive depth, dive duration, and surface
interval; and mean percentage of time diving, at surface,
or hauled out. The appropriate number of components
to extract was selected using the (1) latent root criterion,
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which states that only factors with eigenvalues of 1 or
above would be included, and (2) the criterion that more
than 5% of the variance be explained (McGarigal et al.
2000). Collinearity among variables was eliminated by
collapsing variables into uncorrelated orthogonals.
Hierarchical cluster analysis of the factor scores from
the PCA was used to detect discontinuous groupings or
“clumps” of data points in multidimensional space
(McGarigal et al. 2000), which were interpreted to
represent distinct foraging strategies. Distance measure
was the square of the Pearson product-moment corre-
lation (r?), because this measure maximized the cophe-
netic correlation coefficient and thus best represented
the raw data structure (McGarigal et al. 2000). Ward’s
minimum variance method was used to link similar
points, and the number of significant clusters was
determined by graphical examination of the resulting
dendrogram and scree plot of inter-cluster distance vs.
the number of clusters (McGarigal et al. 2000). A
discriminant analysis was then used to evaluate the
effectiveness of classifying each individual into a cluster
or foraging strategy, and to identify the key variables
that contributed most to the classification.

Diving performance (mean dive duration/calculated
aerobic dive limit, cADL; Weise and Costa 2007) among
foraging strategies of male California sea lions was
examined as a function of diving depth and duration for
all individuals. Mean oxygen stores were scaled to body
size using 47.3 mL O,/kg (Weise and Costa 2007).
Because of the hypometabolic response of sea lions to
diving (Hurley and Costa 2001), cADL was calculated
using a high metabolic rate (44.8 mL O,kg *”>-min";
Weise 2006); low metabolic rate was (21.6 mL
02~kg’o'75-min"; Weise 2006).

Summary data were reported as mean * SE, unless
otherwise noted (SD was used for variables in the PCA).
Data were transformed where applicable using log
transformation for non-normal data or arcsine trans-
formation for percentage data. Differences between
means were tested using a two-sample ¢ test or
ANOVA, and relationships were tested using least-
squares linear regression analysis. Differences in diving
behavior of three male foraging strategies throughout
the day were tested by comparing the distributions of
dive depths and durations during the day and night
based on the times of sunrise and sunset along the
California coast using two-way repeated-measures
analysis of variance (ANOVA). Multivariate analysis
was conducted with MATLAB 7.1 (MathWorks 2005),
and all other statistical analysis was conducted using
SYSTAT 11 (SPSS 2004).

RESULTS

Twenty-two male California sea lions were captured
and instrumented in the Monterey harbor during 2003:
seven were subadults (110.9 = 26.6 kg, mean * SE) and
15 were adult males (186.8 = 50.4 kg; see Appendix:
Table Al). From May 2003 to February 2004,
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temperature-only SRDL tags remained attached for 23
to 127 days, logging 51,920 dives and 1781 temperature
profiles (see Appendix: Table Al). Mean dive depth
among foraging strategies ranged from 27.7 = 0.56
(mean * SE) to 35.8 = 1.27 m, and mean dive durations
ranged from 1.6 = 0.03 min to 2.2 * 0.04 min (Table 1).

Increasing body mass of males was positively related
to dive duration (F ;o =8.61, P=0.009, r*=0.31, df =
22; Fig. la), negatively related to time at sea (Fj 9 =
5.19, P = 0.034, r> = 0.22, df = 22; Fig. 1b), and
positively related to time ashore (F} j9=5.19, P=0.034,
r?=0.22, df = 22; Fig. 1c). Body mass had no effect on
diving depth (F; 19 =0.16, P=0.696, r*=0.01, df = 22).
There also was no relationship between body size and
trip duration (F ;9 =3.05, P =0.097, r2=0.14, df =22)
or percentage of time at sea spent diving (F; 9 = 1.08,
P =0.313, > = 0.05, df = 22). There was a decreasing
trend, however, between increasing body size and the
percentage of time spent surface swimming, although it
was not statistically significant (F; ;9 = 3.76, P = 0.067,
r2=0.17, df = 22).

Individual foraging strategies

Using principal components analysis, 81.1% of the
variation among individuals in diving behavior was
explained by three factors (Table 2); diving patterns
(PC1), foraging effort (PC2), and behavior at the surface
(PC3). PC1 explained 41.6 % of the variance, and was
composed of mean and SD of dive depth, duration, and
habitat use defined by mean and SD of the ratio of dive
depth to thermocline depth. PC2 explained 22.6% of the
total variance and was composed of dive frequency, trip
duration, and percentage of time spent at sea, and PC3
was composed of surface interval and horizontal swim
speed and explained 17.0% of total variance (Table 2).

Hierarchical cluster analysis of the three principal
components indicated that individuals could be classi-
fied into three distinct groups based on their diving
behavior (Fig. 2a). Individual sea lions were partitioned
into three distinct behavioral groupings by discriminant
analysis (Fig. 2b), and jackknife resampling of the data
resulted in correct group assignment 86% of the time.
Univariate analyses indicated that individuals in group 1
had the least body mass and were characterized by the
greatest frequency of dives (F ;5 = 13.15, P < 0.000),
dives that were the shallowest (F5 5 =0.915, P =0.418),
shortest duration (5,3 =2.70, P=0.950), and closest to
the thermocline (F5 5 = 1.44, P = 0.263), and with the
shortest surface interval among the groups (F> 3= 3.07,
P = 0.710; Fig. 3). This group also spent the greatest
percentage of time at sea (F> 13 =3.86, P=0.039) during
the longest duration trips (£33 =2.017, P=0.162) of the
three groups, and swam the fastest at the surface (F; ;3=
0.407, P = 0.671). Individuals in group 2 made deeper,
longer duration dives that were less frequent, with a
greater surface interval, and they swam farther from the
thermocline than did group 1 (Fig. 3). This group spent
less time at sea than group 1, or the greatest percentage
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TABLE 1.
Monterey, California, USA, in 2003 and 2004.
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Diving behaviors (means with SE in parentheses) of 22 male California sea lions (Zalophus californianus) tagged in

Dive Residual
Dive Dive Surface frequency Trip dive depth/  Time at  Time Time in
Foraging  Animal depth  duration  duration (no. dives/ duration thermocline surface diving haul-out
strategy ID (m) (min) (min) 4 h) (h) deptht (%) (%) (%)
Group 1 28588 24.1 1.1 1.1 47.5 11.3 54.3 37.4 20.0 42.7
(0.58) (0.02) (0.02) (0.87) 0.3) 0.9) (0.6) 0.3) 0.7)
28589 27.3 2.0 1.0 41.2 23.2 25.0 31.6 34.7 33.8
(0.22) (0.02) (0.02) 0.47) 0.7) (0.6) (0.6) 0.6) (0.6)
37588 243 1.6 1.4 32.7 13.4 49.5 36.2 21.3 42.4
(0.87) (0.04) (0.04) (0.66) 0.4) 2.2) (1.1) 0.6) (1.3)
37589 23.1 1.5 1.1 34.5 5.4 22.5 25.5 20.6 53.9
(0.37) (0.03) (0.02) (0.94) (0.1) (0.3) 0.6) 0.5) (1.3)
37590 31.2 1.4 1.6 31.5 14.7 45.8 43.4 17.7 39.0
(0.69) (0.03) (0.03) (0.69) (0.6) (0.9) (1.0) 0.4) 0.9)
37591 19.1 1.3 1.5 28.3 10.2 38.1 40.2 13.6 46.3
(0.30) (0.02) 0.01) (0.49) 0.2) (0.6) 0.5) 0.2) (0.6)
37592 30.3 1.5 1.4 29.4 10.0 30.0 34.9 17.4 47.7
(0.42) (0.02) (0.02) (0.50) (0.3) (0.3) 0.6) 0.3) 0.8)
44634 32.3 1.8 1.6 27.2 10.5 58.9 37.0 20.0 43.1
(0.60) (0.03) (0.02) (0.69) 0.3) (1.1) 0.7) 0.4) 0.8)
44635 37.3 2.0 1.8 343 12.3 67.8 453 25.8 29.0
(1.00) (0.04) (0.03) (0.67) 0.5) (1.6) (1.1) 0.6) 0.7)
Mean 27.7 1.6 1.4 34.1 12.3 435 36.8 21.2 42.0
(0.56) (0.03) (0.02) (0.64) 0.4) (1.0) (0.8) 0.4) 0.9)
Group 2 28587 37.4 3.8 1.5 26.9 8.8 64.1 23.6 25.1 51.3
(1.10) (0.03) (0.06) (0.71) 0.2) (2.0) 0.5) 0.6) (1.2)
28590 47.4 1.7 1.3 36.2 11.8 116.4 37.2 18.4 443
(2.90) (0.05) (0.06) (1.04) 0.7) 4.1) (1.3) 0.6) (1.6)
44637 21.7 2.1 1.4 27.1 10.2 37.0 24.5 21.8 53.8
(0.31) (0.02) (0.03) (0.89) (0.3) (1.4) 0.5) 0.4) (1.0)
44639 25.3 1.5 1.5 24.2 18.3 53.1 29.2 15.1 55.7
(1.15) (0.05) (0.04) 0.73) 0.7) (2.6) (0.8) 0.4) (1.6)
44640 46.6 2.1 1.6 26.1 15.2 108.6 38.4 21.7 39.9
0.91) (0.02) (0.02) (0.55) 0.3) (1.6) (0.5) 0.3) 0.5)
Mean 35.8 22 1.5 28.1 12.9 75.8 30.6 20.4 49.0
(1.27) (0.04) (0.04) (0.80) 0.5) (2.3) 0.7) 0.5) (1.2)
Group 3 37593 22.0 1.6 1.7 18.2 9.1 60.5 29.9 12.7 57.4
(0.78) (0.05) (0.03) (0.96) 0.4) (2.0) 0.8) 0.3) (1.6)
37597 24.4 1.6 1.6 23.1 8.0 30.1 26.4 15.4 58.2
(0.51) (0.04) (0.03) (0.76) (0.3) (0.5) 0.6) 0.4) (1.4)
37598 243 1.9 1.3 22.8 4.6 223 225 17.9 59.6
(0.35) (0.04) (0.03) (1.00) 0.2) 0.4) (0.6) 0.5) (1.6)
44632 34.4 2.1 1.7 22.4 9.2 37.3 28.7 17.7 53.6
(0.59) (0.03) (0.03) (0.76) 0.4) 0.4) (0.6) 0.4) (1.1)
44633 283 2.0 1.5 23.5 8.2 459 27.4 19.3 53.3
(0.69) (0.04) (0.03) (1.20) 0.5) 0.8) 0.7) 0.5) (1.3)
44636 96.3 3.4 2.8 12.2 12.8 171.4 37.9 16.8 453
(2.76) (0.06) (0.07) (0.58) 0.4) 3.0) (1.0) (0.5) (1.2)
44638 39.9 2.4 2.0 17.7 10.1 65.8 322 17.3 50.5
(1.22) (0.05) (0.05) (0.70) 0.5) (2.0) (0.8) 0.4) (1.3)
Mean 34.6 2.1 1.8 20.0 8.9 61.9 29.3 16.7 54.0
0.99) (0.04) (0.04) (0.83) 0.4) (1.3) 0.7) 0.4) (1.4)

Note: Sea lions were assigned to three distinct foraging groups based on diving behavior; see Results: Individual foraging

strategies for details.

+ Ratio of the residual dive depth (difference between dive depth and regression line) and the calculated thermocline depth; this
metric is used to compare diving behavior relative to the thermocline depth among individuals.

of time hauled out (F5,5=6.79, P=0.000), the greatest
amount of time at the surface while at sea (F5 ;s = 3.74,
P =0.044), and had the longest duration trips among all
of the groups. Group 3 was distinguished as the least
frequent but deepest divers, far from the thermocline,
and the greatest surface interval, although not the
longest duration dives (Fig. 3). Group 3 spent the least
percentage of time at sea diving and had the shortest

trips (Fig. 3). There was no difference in the time period
of tag deployment (see Appendix: Table Al) or
geographic distribution in diving locations among the
three foraging strategies with respect to direction or
bathymetric gradient (Fig. 4).

In general, male sea lion diving in all three foraging
strategies occurred at all times of day, although strong
diel patterns were apparent with deeper, longer dives,
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with greater surface intervals during nighttime hours
(approximately between the hours of 18:00 and 06:00
local time) compared with daytime. Distribution of
diving and surface durations among the three foraging
strategies differed between day and night, although not
significantly  (dive duration, repeated-measures
ANOVA: F, 3 = 3.413, P = 0.115; surface duration,
repeated-measures ANOVA: F, 3 = 2.41, P = 0.055);
however, there was no difference in dive depth among
foraging strategies between day and night (repeated-
measures ANOVA: F, 13 =1.140, P =0.342).

When we used estimates of oxygen storage capacity
from tagged individuals and conservative (low) esti-
mates of oxygen consumption, no individual male
California sea lion among the three foraging strategies
exceeded its calculated aerobic dive limit (cADL);
whereas when we used higher estimates of oxygen
consumption, two individuals (28588/group 1 and
44636/group 3) were at or exceeded cADL. There was
no relationship between mean dive depth or duration as
a function of mass-specific oxygen storage capacity
(blood, muscle, and lungs).

DiscussioN

Although individual-based foraging strategies have
been identified previously among several air-breathing
marine vertebrates, this study is the first to describe it
among sexually dimorphic male otariids and within a
sex. We used 12 of 22 diving parameters to classify the
three distinct foraging strategies. Greater body size
clearly influenced diving behavior in male sea lions and
explained a strong component of the variability among
individuals and foraging strategies. Although there was
variability in diving behavior within individuals, there
was greater variability among individuals that was
consistent with foraging specializations. Our finding
indicated that the three male sea lion foraging strategies
were geographically overlapping along the California
coast, with both spatially explicit and ontogenetic
components. All three foraging strategies had a shal-
low-water component; however, the mixed and deeper
diving strategies had a spatially explicit component with
regard to vertical distribution of diving behavior,
indicating that these sea lions probably ate larger or
different prey species. Further, more than half of the
animals in the shallow diving strategy were smaller,
subadult male sea lions, indicating that age and
development probably affected foraging behavior.
Individual-based foraging strategies identified in this
study indicated that some larger males frequently use
deeper waters, extending the previously described dive
depth range in this species from the epipelagic to
mesopelagic (>200 m) environment.

Niche variation within a species has long been ignored
in ecological studies because it was believed to be rare or
weak or to have a trivial impact on ecological processes
(Bolnick et al. 2003). More recently Bolnick (et al. 2003)
reviewed evidence for individual specialization in 93
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Fic. 1. Relationship of mean (a) dive duration, (b) time
spent at sea (diving and surface swimming combined), and (c)
time on land hauled out as a function of body mass of
individual California sea lions (Zalophus californianus). Lines
indicate a significant linear relationship between body mass and
dive duration (+2=0.32, P=0.009), time spent at sea (r?=0.21,
P =0.034), and time hauled out on land (> =0.21, P =0.034).

species across a broad taxonomic range. Only a few
studies, however, indicated distinct individual-based
foraging strategies among air-breathing marine verte-
brates, including a broad taxonomic range of seabirds
(Radl and Culik 1999, Kato et al. 2000), toothed whales
(Ford et al. 1998, Laidre et al. 2002), pinnipeds (Lea et
al. 2002, Austin et al. 2004, Staniland et al. 2004), and
otters (Tinker et al. 2007).

There is a diverse array of behavioral, ecological, and
physiological or morphological mechanisms that can
generate within-population variation that leads to
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TasLE 2. Component loadings of 12 variables of diving behavior on the first three components,
which collectively explained 81.1% of the total variance in the data.

PCI PC2 PC3

Variable (41.6%) (22.6%) (17.0%)
Mean dive depth 0.778 0.054 0.515
SD of dive depth 0.905 0.118 0.232
Mean dive duration 0.705 —0.347 0.198
SD of dive duration 0.914 —0.308 0.129
Mean surface interval 0.543 —0.252 0.723
Mean horizontal swim speed 0.138 0.09 0.849
Mean ratio diving depth/thermocline depth 0.870 0.142 0.359
SD ratio diving depth/thermocline depth 0.876 0.154 —0.003
Mean trip duration 0.294 0.730 —0.176
Frequency of dives —-0.299 0.725 —0.414
Mean time spent at sea (%) 0.167 0.861 0.226
Body mass 0.431 —0.748 —0.197

Notes: Parameters accounting for most of the variability in each principal component are shown
in bold. PCI is related to dive patterns, PC2 to diving effort, and PC3 to surface behaviors.

distinct foraging strategies (Bolnick et al. 2003).
Epipelagic to mesopelagic individual-based foraging
strategies were identified among individual male
California sea lions based on diving behavior.
Similarly, variation in dive behavior within a species
has been used to identify foraging strategies among
other marine mammals, including toothed whales
(Laidre et al. 2002), pinnipeds (Lea et al. 2002, Austin
et al. 2004, Staniland et al. 2004), and otters (Tinker et
al. 2007). In our study, ecological mechanisms were
investigated by inferring feeding behavior from the
examination of individual diving behavior and concur-
rent population-level prey use (Weise 2006). Although
this approach has its limitations, within this framework
we propose that spatially explicit (vertically) individual-
based foraging strategies in male California sea
lions are probably related to dietary specializations.
Specialization resulted from decisions that individuals
made in targeting different prey types that have similar
horizontal distributions yet differ in their vertical
distribution relative to thermal structure of the water
column (Vaughan and Recksiek 1978, Chess et al. 1988,
Reynolds 2003, Helser et al. 2006, Hill et al. 2006). In
contrast, benthic-foraging California sea otters have
different diving behavior and polymorphic prey special-
izations among individuals with almost identical home
ranges (Estes et al. 2003, Tinker et al. 2007). Variation in
dive strategies in Antarctic fur seals reflect differences in
prey choice that are related to spatial and temporal
variability in the availability and geographic distribution
of prey species (Lea et al. 2002).

Prey preferences among male California sea lions may
be partially dependent upon predator ontogeny and
body size, which is directly related to foraging ability
(i.e., ability to dive deeper, longer, and to handle large
prey) and physiological diving capacity. Body mass is
strongly related to diving behavior across all major
groups of diving birds and mammals (Halsey et al.
2006). Many prey species identified in the diet of
California sea lions in central California (Weise 2006)

occur in schools that are generally compact and patchily
distributed (both vertically and horizontally), and
probably account for variability in the behavioral
differences among foraging strategies. Further, because
males have relatively shallow dives, with distinct periods
of diving, they are likely to visually search for prey from
the surface while swimming between patches to mini-
mize the greater transport costs associated with diving,
similar to behavior described for fur seals (Boyd 1996).
The three foraging strategies identified in this study were
not mutually exclusive, and all three strategies included
a shallow-water foraging component. The shallow
diving strategy (group 1), observed mostly in smaller,
subadult animals, probably served to focus their efforts
on shallow-water schooling prey species. Larger males
(groups 2 and 3), however, probably targeted shallow-
water prey and larger prey items and species such as
salmon depredated off lines from fisheries (Weise and
Harvey 2005) and certain species of rockfishes and size
classes of hake that are more typically distributed at
deeper depths on or closer to the bottom (Chess et al.
1988, Reynolds 2003, Helser et al. 2006). Larger prey are
more likely to meet the greater energetic demands of
larger males, and increased intake by the larger sex has
been observed in sexually dimorphic species including
gray seals (Halichoerus grypus;, Mohn and Bowen 1996)
and giraffes (Giraffa camelopardalis; Ginnett and
Demment 1997).

Larger adult male sea lions (groups 2 and 3)
performed a number of dives to mesopelagic depths
(>200 m), where they spent increased time underwater
followed by increased surface intervals between dives,
which could be explained by pushing or exceeding
aerobic diving limits or needing to return to the surface
to handle and consume prey. For diving air-breathing
vertebrates, the prevailing view is that dives are
primarily aerobic, although there are exceptions (e.g.,
Costa et al. 2001). In this study, there was no difference
in oxygen storage capacity among foraging strategies;
however, only 12 of 22 instrumented animals had an
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analysis of complete oxygen stores. Further, there was
no relationship between mean dive depth or duration as
a function of mass-specific oxygen storage capacity
(blood, muscle, and lungs) that might be expected if
animals were exceeding their cADL. Based on average
individual dive behavior, no individual male California
sea lions among the three foraging strategies exceeded
their calculated aerobic dive limit (cADL) based on
conservative (low) estimates of oxygen consumption.
Also, only two individuals (28588/group 1 and
44636/group 3) were at or exceeded cADL based on
higher estimates of oxygen consumption. One of these
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two individuals was an adult male (44636) from
the mixed- or deeper-diving foraging strategies.
Interestingly, this individual was among the smallest
adult males in this study and exhibited the greatest
surface durations among all tagged animals (2.8 min), so
it is possible that pushing or exceeding cADL may
explain greater surface intervals in this individual.
Optimal foraging theory (OFT) predicts that preda-
tors will choose prey sizes with the greatest energy return
per unit time spent foraging (Stephens and Krebs 1986),
and diving animals should maximize their foraging time
by minimizing travel costs getting to and from depth and
minimizing post-dive intervals (Houston and Carbone
1992, Costa et al. 2001). Given the energetic costs
associated with attaining depth, mesopelagic (and
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to continental shelf (0-200 m, light gray line), shelf break (2002000 m, dark gray line), and pelagic waters (>2000 m). Dive
locations were determined by linear interpolation of time and distance between Argos positions, following McConnell et al. (1992).
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black circles). The inset is a map of diving locations of male foraging strategies on the scale of Monterey Bay, and in relation to
tagging site in Monterey, California (continental shelf, light gray line; shelf break, dark gray line). White circles overlap gray and

black, and gray circles overlap black.

benthic) divers can optimize their energetic return by
consuming prey at depth. In the case of large,
energetically rich prey, however, prey cannot be
consumed at depth and there is a trade-off between
the greater energetic “payoff” of consuming larger prey
and the increased time required to transport, handle,
and consume large prey at the surface. Although the diet

of tagged individuals was unknown, large adult-size
salmon were regularly observed being handled and
consumed at the surface by adult male sea lions in the
hook-and-line fisheries (Weise and Harvey 2005), and
large salmon consisted of up to 11% of the seasonal mass
consumed by the sea lion population in central
California (Weise and Harvey 2008). Therefore, we
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propose that mesopelagic diving patterns with increased
surface intervals of larger male California sea lions
represented increased “costs” associated with capturing
and consuming large prey items at the surface, which
were both facilitated and required by larger body size,
rather than necessitated by a lack of oxygen storage
capacity and/or management.

Although subadult male sea lions occurred in all three
foraging strategies, the majority of younger animals
occurred in the shallow-diving group 1, indicating that
not only body size, but also ontogeny or age may be a
covariant explaining variation in diving behavior among
individuals. Previous studies have indicated that the
diving ability of young marine mammals is constrained
by lower oxygen stores than those of adults (i.e., Noren et
al. 2001), faster use of oxygen stores than in adults, due
to allometric relationships and costs associated with
growth (i.e., Peters 1983), and more drag per unit mass
(Schreer and Kovacs 1997). These constraints are
pronounced in California sea lions, which have a
surprisingly long period of development required for
blood (1.5-2.5 years) and muscle (4—6 years; 125 kg)
oxygen stores to reach adult values (Weise and Costa
2007). These physiological constraints in younger ani-
mals, coupled with lack of ability to handle larger prey in
smaller animals, based on observations in salmonid
fisheries (Weise and Harvey 2005), are likely to explain
the shallower diving strategy observed in group 1.
Potential differences in diet in subadult male sea lions,
coupled with constrained diving behavior, may lead to
differential survival among foraging strategies during
environmental perturbations that cause changes in the
abundance and distribution of prey species, and subse-
quent changes in behavior of sea lions (Weise et al. 20006).

The three male sea lion foraging strategies were
highly overlapped geographically (two-dimensionally)
along the west coast of the United States and, there-
fore, appeared to be polymorphic in nature, but the
inclusion of the third dimension enabled us to tease
apart spatially explicit behavior relative to depth. At
the same time, Weise (2006) indicated that individual
foraging behavior varied through time as a function
of geographic location in northern and southern
California. Although season was not a significant
factor explaining the variation among strategies, this
aspect needs to be further investigated in future studies,
given the documented changes in seasonal and annual
food habits of California sea lions (Weise 2006, Weise
and Harvey 2008) and the paucity of sampling during
some seasons. Considering the dynamic nature of the
temporal and spatial variation in the physical structure
of coastal waters and, in turn, prey distributions, future
studies may offer insights into how this variation
affects the stability and nature of alternative foraging
strategies during fluctuations in prey availability
resulting from environmental perturbations or as sea
lions move into different oceanographic regions along
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the coast (southern California bight, central and
northern California, Oregon and Washington).

Individual-based foraging specializations within a
species of predator have important implications for the
application and interpretation of population-level con-
sumption models used to evaluate trophic interactions
and ecosystem structure. In the California sea lion
population, the implication is that individual males are
likely to consume prey in unequal proportions and
perhaps even totally different prey species. This may be
further compounded by different strategies and target
prey in females and younger age classes of animals.
Foraging and dietary specializations have been recog-
nized in a variety of species and in most marine
vertebrate groups: otters (Tinker et al. 2007); penguins
(Tremblay and Cherel 2000); odontocetes (Ford et al.
1998); mysticetes (Hoelzel et al. 1989); and otariids (Lea
et al. 2002, Staniland et al. 2004). Such specializations
are probably more widespread but undetected in other
taxa. Predator impacts on specific prey species or subsets
of prey populations may vary considerably more due to
the occurrence of foraging and dietary specializations.
These specializations may represent an adaptive re-
sponse to reduced food resources and increased intra-
specific competition and thus may be a useful index of
population health with respect to the abundance of prey
resources (Tinker et al. 2007). This is probably not the
case with California sea lions, given the high productiv-
ity along the California coast; however, food limitation
may be possible in localized regions, particularly during
environmental perturbations. Although it is important
to understand the underlying mechanisms that drive
individual specializations, it is equally important to
account for this variation in population-level models of
trophic interactions.

ACKNOWLEDGMENTS

This research was supported by the Center for Integrative
Marine Technologies, the Tagging of Pacific Pelagics Program,
the Moore and Packard Foundations, the California Sea Grant
Program, and the Office of Naval Research. Thanks to R.
DeLong and P. Gearin for their advice and trap design, and the
sea lion crew for their great efforts, including C. Kuhn, S.
Simmons, S. Villegas, P. Morris, P. DalFerro, R. Walsh, P.
Thorson, T. Goldstein, K. Debier, S. Davis, S. Seganti, Y.
Tremblay, G. DelMundo, S. Hayes, G. MacDonald, S. Hansen,
M. Lander, P. Robinson, J. Hassrick, H. Mostman, H.
Vuorisalo, G. Singer, L. Gilligan, and M. Rutishauser, B.
Long, and T. Fink (who were supported by a grant to T.
Williams from the Alaska Sealife Center). Special thanks to D.
Casper, DVM, for his invaluable expertise. This work was
performed (in part) at the University of California Natural
Reserve System (Ano Nuevo Island) Reserve, and with the
support and cooperation of the municipal harbor in Monterey,
California. This work was conducted in accordance with the
Chancellor’s Animal Research Committee (CARC) protocol
(COST 01.10) and under National Marine Fisheries Service
permit number §7-1593-05.

LiTERATURE CITED

Austin, D., W. D. Bowen, and J. I. McMillan. 2004.
Intraspecific variation in movement patterns: modeling



1014

individual behaviour in a large marine predator. Oikos 105:
15-30.

Bolnick, D. I., R. Svanback, J. A. Fordyce, L. H. Yang, J. M.
Davis, and C. D. Hulsey. and M. L. Forister. 2003. The
ecology of individuals: incidence and implications of
individual specialization. American Naturalist 161:1-28.

Boyd, I. L. 1996. Temporal scales of foraging in a marine
predator. Ecology 77:426-434.

Boyd, I. L., D. J. McCafferty, K. Reid, R. Taylor, and T. R.
Walker. 1998. Dispersal of male and female Antarctic fur
seals (Arctocephalus gazella). Canadian Journal of Fisheries
and Aquatic Sciences 55:845-852.

Broenkow, W. 1977. Water chemistry of Elkhorn Slough and
Moss Landing harbor. Pages 387-464 in J. Nybakken, G.
Cailliet, and W. Broenkow, editors. Ecologic and hydro-
graphic studies of Elkhorn Slough, Moss Landing harbor,
and nearshore coastal waters. Moss Landing Marine
Laboratories Technical Publication, Moss Landing,
California, USA.

Brown, J. H., J. F. Gillooly, A. P. Allen, V. M. Savage, and
G. B. West. 2004. Toward a metabolic theory of ecology.
Ecology 85:1771-1789.

Campagna, C., R. Werner, W. Karesh, M. R. Marin, F.
Koontz, R. Cook, and C. Koontz. 2001. Movements and
location at sea of South American sea lions (Otaria
flavescens). Journal of Zoology 255:205-220.

Carretta, J. V., K. A. Forney, M. M. Muto, J. Barlow, J. Baker,
B. Hansen, and M. S. Lowry. 2005. U.S. Marine Mammal
Stock Assessments: 2004. NOAA Technical Memorandum
NMFS NOAA-TM-NMFS-SWFSC-375.

Chess, J. R., S. E. Smith, and P. C. Fischer. 1988. Trophic
relationships of the shortbelly rockfish, Sebastes jordani, off
central California. California Cooperative Oceanic Fisheries
Investigations Reports 29:129-136.

Costa, D. P. 1993. The relationship between reproductive and
foraging energetics and the evolution of the Pinnipedia. Pages
293-314 in 1. L. Boyd, editor. Marine mammals: advances in
behavioural and population biology. Symposium of the
Zoological Society of London. Volume 66. Oxford
University Press, London, UK.

Costa, D. P., and N. J. Gales. 2003. Energetics of a benthic
diver: Seasonal foraging ecology of the Australian sea lion,
Neophoca cinerea. Ecological Monographs 73:27-43.

Costa, D. P., N. J. Gales, and M. E. Goebel. 2001. Aerobic dive
limit: How often does it occur in nature? Comparative
Biochemistry and Physiology A 129:771-783.

Costa, D. P., C. E. Kuhn, M. J. Weise, S. A. Shaffer, and
J.P. Y. Arnould. 2004. When does physiology limit behavior
of freely diving mammals? International Congress Series
1275:359-366.

Estes, J. A., M. L. Riedman, M. M. Staedler, M. T. Tinker, and
B. E. Lyon. 2003. Individual variation in prey selection by sea
otters: patterns, causes and implications. Journal of Animal
Ecology 72:144-155.

Estes, J. A., M. T. Tinker, T. M. Williams, and D. F. Doak.
1998. Killer whale predation on sea otters linking oceanic and
nearshore ecosystems. Science 282:473—-476.

Fedak, M. A., P. Lovell, and S. M. Grant. 2001. Two
approaches to compressing and interpreting time-depth
information as collected by time-depth recorders and
satellite-linked data recorders. Marine Mammal Science 17:
94-110.

Feldkamp, S. D., R. L. Delong, and G. A. Antonelis. 1989.
Diving patterns of California sea lions, Zalophus california-
nus. Canadian Journal of Zoology 67:872-883.

Ford, J. K. B.,, G. M. Ellis, L. G. Barrett-Lennard, A. B.
Morton, R. S. Palm, and K. C. Balcomb III. 1998. Dietary
specialization in two sympatric populations of killer whales
(Orcinus orca) in coastal British Columbia and adjacent
waters. Canadian Journal of Zoology 76:1456-1471.

MICHAEL J. WEISE ET AL.

Ecology, Vol. 91, No. 4

Gentry, R. L., D. P. Costa, J. P. Croxall, J. H. M. David, R. W.
Davis, G. L. Kooyman, P. Majluf, T. S. McCann, and F.
Trillmich. 1986. Summary and conclusions. Pages 220-264 in
R. L. Gentry and G. L. Kooyman, editors. Fur seals:
maternal strategies on land and at sea. Princeton University
Press, Princeton, New Jersey, USA.

Ginnett, T. F., and M. W. Demment. 1997. Sex differences in
giraffe foraging behavior at two spatial scales. Oecologia 110:
291-300.

Green, K. 1997. Diving behaviour of Antarctic fur seals
Arctocephalus gazella around Heard Island. Pages 97-104 in
M. Hindell and C. Kemper, editors. Marine mammal
research in the Southern Hemisphere. Volume 1. Status,
ecology and medicine. Surrey Beatty, Chipping Norton, New
South Wales, Australia.

Halsey, L. G., P. J. Butler, and T. M. Blackburn. 2006. A
phylogenetic analysis of the allometry of diving. American
Naturalist 167:276-287.

Helser, T. E., I. J. Stewart, G. W. Fleischer, and S. Martell.
2006. Stock assessment of Pacific hake (whiting) in U.S. and
Canadian waters in 2006. In Status of the Pacific coast
groundfish fishery through 2005, stock assessment and fishery
evaluation. Volume VI: Appendix. Pacific Fishery
Management Council. Portland, Oregon, USA.

Hill, K. T., C. H. Lo, B. J. Macewicz, and R. Felix-Uraga.
2006. Assessment of the Pacific sardine (Sardinops sagax
caerulea) population for U.S. management in 2006. Pacific
Fishery Management Council. Portland, Oregon, USA.

Hindell, M. A., and D. Pemberton. 1997. Successful use of a
translocation program to investigate diving behavior in a
male Australian fur seal, Arctocephalus pusillus doriferus.
Marine Mammal Science 13:219-228.

Hoelzel, A. R., E. M. Dorsey, and S. J. Stern. 1989. The
foraging specializations of individual minke whales. Animal
Behaviour 38:786-794.

Houston, A. 1., and C. Carbone. 1992. The optimal allocation
of time during the diving cycle. Behavioral Ecology 3:255—
265.

Hurley, J. A., and D. P. Costa. 2001. Standard metabolic rate at
the surface and during trained submersions in adult
California sea lions (Zalophus californianus). Journal of
Experimental Biology 204:3273-3281.

Kato, A., Y. Watanuki, I. Nishiumi, M. Kuroki, P.
Shaughnessy, and Y. Naito. 2000. Variation in foraging
and parental behavior of king cormorants. Auk 117:718-730.

Kirkwood, R. J., N. Gales, and A. E. Lynch. 2002. Satellite
tracker deployments on adult male Australian fur seals,
Arctocephalus pusillus doriferus: methods and preliminary
results. Australian Mammalogy 24:73-83.

Kuhn, C. E. 2006. Measuring at sea feeding behavior to
understand the foraging behavior of pinnipeds. Dissertation.
University of California—Santa Cruz, Santa Cruz, California
USA.

Laidre, K. L., M. P. Heide-Jorgensen, and R. Dietz. 2002.
Diving behaviour of narwhals (Monodon monoceros) at two
coastal localities in the Canadian High Arctic. Canadian
Journal of Zoology 80:624—635.

Lea, M. A., M. Hindell, C. Guinet, and S. Goldsworthy. 2002.
Variability in the diving activity of Antarctic fur seals,
Arctocephalus gazella, at lles Kerguelen. Polar Biology 25:
269-279.

Lowry, M. S., C. W. Oliver, C. Macky, and J. B. Wexler. 1990.
Food habits of California sea lions Zalophus californianus at
San Clemente Island, California. 1981-86. Fishery Bulletin
88:509-521.

MathWorks. 2005. MATLAB 7.1.
Massachusetts, USA.

McConnell, B. J., C. Chambers, and M. A. Fedak. 1992.
Foraging ecology of southern elephant seals in relation to the
bathymetry and productivity of the Southern Ocean.
Antarctic Science 4:393-398.

MathWorks, Natick,



April 2010

McGarigal, L. S., S. Cushman, and S. Stafford. 2000.
Multivariate statistics for wildlife and ecology research.
Springer-Verlag, New York, New York, USA.

McMahon, C. R., E. Autret, J. D. R. Houghton, P. Lovell,
A. E. Myers, and G. C. Hays. 2005. Animal-borne sensors
successfully capture the real-time thermal properties of ocean
basins. Limnology and Oceanography Methods 3:392-398.

Mohn, R., and W. D. Bowen. 1996. Grey seal predation on the
eastern Scotian Shelf: modeling the impact on Atlantic cod.
Canadian Journal of Fisheries and Aquatic Science 53:2722—
2738.

Myers, A. E., P. Lovell, and G. C. Hays. 2006. Tools for
studying animal behaviour: validation of dive profiles relayed
via the Argos satellite system. Animal Behaviour 71:989-993.

Noren, S. R., T. M. Williams, D. A. Pabst, W. A. McLellan,
and J. L. Dearolf. 2001. The development of diving in marine
endotherms: preparing the skeletal muscles of dolphins,
penguins, and seals for activity during submergence.
Journal of Comparative Physiology 171:127-134.

Page, B., J. McKenzie, and S. D. Goldsworthy. 2005a. Dietary
resource partitioning among sympatric New Zealand and
Australian fur seals. Marine Ecology Progress Series 293:
283-302.

Page, B., J. McKenzie, and S. D. Goldsworthy. 2005h. Inter-
sexual differences in New Zealand fur seal diving behaviour.
Marine Ecology Progress Series 304:249-264.

Peters, R. H. 1983. The ecological implications of body size.
Cambridge University Press, Cambridge, UK.

Radl, A., and B. M. Culik. 1999. Foraging behaviour and
reproductive success in Magellanic Penguins (Spheniscus
magellanicus): a comparative study of two colonies in
southern Chile. Marine Biology 133:381-393.

Reynolds, J. A. 2003. Quantifying habitat associations in
marine fisheries: a generalization of the Kolmogorov-
Smirnov statistic using commercial logbook records linked
to archived environmental data. Canadian Journal of
Fisheries and Aquatic Sciences 60:370-378.

Schreer, J. F., and K. M. Kovacs. 1997. Allometry of diving
capacity in air-breathing vertebrates. Canadian Journal of
Zoology 75:339-358.

Shaffer, S. A., and D. P. Costa. 2006. A database for the study
of marine mammal behavior: gap analysis, data standardi-
zation, and future directions. Oceanic Engineering 31:82-86.

Smith, W. H. F., and D. T. Sandwell. 1994. Bathymetric
prediction from dense satellite altimetry and sparse ship-

BODY SIZE AND FORAGING STRATEGIES

1015

board bathymetry. Journal of Geophysical Research 99:
21803-21824.

Staniland, 1. J., K. Reid, and I. L Boyd. 2004. Comparing
individual and spatial influences on foraging behaviour in
Antarctic fur seals Arctocephalus gazella. Marine Ecology
Progress Series 275:263-274.

Stephens, D. W., and J. R. Krebs. 1986. Foraging theory.
Princeton University Press, Princeton, New Jersey, USA.
Thompson, D., and M. A. Fedak. 2001. How long should a
dive last? A simple model of foraging decisions by breath-
hold divers in a patchy environment. Animal Behavior 61:

287-296.

Tinker, M. T., D. P. Costa, J. A. Estes, and N. Wieringa. 2007.
Individual dietary specializations and dive behaviour in the
California sea otter: Using archival time—depth data to detect
alternative diving strategies. Deep-Sea Research Part 11 54:
330-342.

Tremblay, Y., and Y. Cherel. 2000. Benthic and pelagic dives: a
new foraging behaviour in Rockhopper penguins. Marine
Ecology Progress Series 204:257-267.

Vaughan, D. L., and C. W. Recksiek. 1978. An acoustic
investigation of market squid, Loligo opalescens. California
Department of Fish and Game. Fish Bulletin 169:135-1470.

Weise, M. J. 2006. Foraging ecology of male California sea lion
(Zalophus californianus): movement, diving and foraging
behavior, and diving capacity. Dissertation. University of
California—Santa Cruz, Santa Cruz, California, USA.

Weise, M. J., and D. P. Costa. 2007. Total body oxygen stores
and physiological diving capacity of California sea lions as a
function of sex and age. Journal of Experimental Biology
210:278-289.

Weise, M. J., D. P. Costa, and R. Kudela. 2006. Movement and
diving behavior of male California sea lion (Zalophus
californianus) during anomalous oceanographic conditions
of 2005 compared to those of 2004. Geophysical Research
Letters 33 L22S10. [doi: 10.1029/2006GL027113]

Weise, M. J., and J. T. Harvey. 2005. Impact of the California
sea lion (Zalophus californianus) on salmon fisheries in
Monterey Bay, California. Fishery Bulletin 103:685-696.

Weise, M. J., and J. T. Harvey. 2008. Temporal variability in
ocean climate and California sea lion diet and biomass
consumption: implications for fisheries resources and man-
agement. Marine Ecology Progress Series. 373:157-172.

APPENDIX

Summary information on three foraging strategies of male California sea lions outfitted with Sea Mammal Research Unit SRDL
tags and a photograph of the floating platform and aluminum enclosure used for passive capture of adult male sea lions (Ecological

Archives E091-070-A1).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU ([Based on 'AP_Press'] Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


