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The diving patterns of 10 adult female California sea lions (Zalophus californianus) were examined during the summer
breeding season on San Miguel Island, California, in 1982 and 1983 using time —depth recorders. During 17 feeding trips,
representing 40.6 days at sea, animals made over 8900 dives, the deepest of which was estimated at 274 m, while the longest
was 9.9 min. The majority of dives, however, were less than 3 min in duration and 80 m in depth. From estimates of body
oxygen stores, we predict that dives up to 5.8 min can be supported aerobically. Therefore, cost —benefit considerations based
on prey availability and encounter rate may be more important than physiological limits in shaping the foraging patterns of
Zalophus. Sea lions were active virtually throughout their time at sea, resting on the surface for only 3% of the average trip.
Peak diving frequency occurred during the twilight hours near sunrise and sunset. Dives were frequent, however, during
all hours of the day and were typically clustered into bouts that lasted a mean (+SD) of 3.3 + 1.5 h. We suggest that these
bouts represent active feeding on discrete prey patches. During short bouts (<3 h), dive depth was less variable than for
dives occurring between bouts. During longer bouts, dive depth changed in a manner consistent with pursuit of vertically
migrating prey. During the 1983 El Nifio, sea lions compensated for a reduction in food availability by lengthening dive bouts.
These seasonal and diel variations in diving patterns suggest that the rate of prey encounter strongly influences the depth
and duration of individual dives.

FeLpkamp, S. D., DELoONG, R. L., et ANTONELIS, G. A. 1989. Diving patterns of California sea lions, Zalophus cali-
fornianus. Can. J. Zool. 67 : 872—883.

La plongée a été étudiée par des enregistrements temps-profondeur chez 10 femelles adultes du Lion de mer de Californie
(Zalophus californianus) au cours de la saison de reproduction d’été sur I’ile San Miguel, en Californie, en 1982 et 1983.
Les animaux ont fait plus de 8900 plongées au cours de 17 excursions de recherche de nourriture représentant 40,6 jours
en mer; la plongée la plus profonde enregistrée a été de 274 m et la plongée la plus longue a duré 9,9 min. La majorité des
plongées, cependant, duraient moins de 3 min et atteignaient moins de 80 m de profondeur. D’apres I’estimation des réserves
d’oxygene dans le corps, il est possible de prédire que les plongées de 5,8 min ou moins peuvent étre aérobiques. 11 faut
conclure que des considérations colt—bénéfice basées sur la disponibilité des proies et la fréquence des rencontres ont
probablement plus d’importance que les restrictions physiologiques dans la détermination des séquences de plongée chez
Zalophus. Les lions de mer étaient actifs a peu pres tout le temps lors de leur séjour en mer et ne se reposaient en surface
que 3% du temps au cours d’une excursion. C’est au cours des heures de pénombre, a la tombée du jour et a ’aurore, que
la fréquence des plongées était maximale. Les plongées étaient tout de méme fréquentes a toute heure du jour et se produi-
saient ordinairement en séries qui duraient en moyenne 3,3 + 1,5 h. Nous croyons que ces séries représentent des épisodes
d’alimentation dans des bancs de proies a répartition contagieuse. Durant les épisodes de plongée courtes (<3 h), la profon-
deur des plongées était moins variable que dans le cas des plongées survenues dans les intervalles entre les séries. Au cours
des épisodes de plongée plus longs, la profondeur des plongées variait et cette variation pourrait s’expliquer par la poursuite
des proies a migrations verticales. En réaction au courant El Nifio, en 1983, les lions de mer ont compensé la diminution
des proies en prolongeant les périodes de plongée. Ces variations saisonniéres et journalieres des plongées semblent indiquer
que la fréquence des rencontres avec des proies influence fortement la profondeur et la durée de chacune des plongées.

[Traduit par la revue]

Introduction

Unlike terrestrial predators, the foraging activities of
aquatic mammals take place during breath hold. Feeding
depths and time available for search, pursuit, and prey capture
are limited by oxygen stores available upon submergence.
These constraints undoubtedly influence the decision rules
used by aquatic predators in locating and pursuing prey. How-
ever, physiological limits to breath hold may not be the most
important factor shaping the diving patterns of foraging
marine mammals. Instead, energetic cost—benefit considera-
tions based on prey availability and encounter rates may have
a more pronounced effect. Recent data indicate that many fur
seal species rarely approach the calculated limits of dive depth
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and duration (Gentry et al. 1986a). Their dives are normally
shallow and of short duration. Consistent, diel variations in
dive patterns also suggest that prey availability and location
strongly influence the depth and duration of individual dives.
Within absolute physiological limits, there may be consider-
able flexibility in the ways that marine mammals find and
pursue prey.

Theoretical treatments of foraging by terrestrial predators
have described a number of alternative strategies that animals
in different habitats should use to maximize their net rate of
energy intake (Schoener 1971; Pyke et al. 1977; Krebs 1978;
Orians and Pearson 1979). For aquatic mammals, however,
only Dunstone and O’Connor (19794, 1979b) have addressed
the question of foraging optimization. They investigated the
trade-off between the benefits of continued search and the cost
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FiG. 1. Portion of a TDR record illustrating the traces produced from various activities. Dives appear as pointed traces. Their height is propor-
tional to depth. During swimming, the recording arm oscillates, producing a wide baseline, while resting results in a flat image. Dive duration
can be calculated from the width of the dive trace and the 12-min timing marks at the film edge.

of losing the prey because of oxygen depletion during pursuit
by the mink (Mustela vison). The results of these studies

. demonstrated that search and pursuit times were negatively

correlated, but that oxygen limits accounted for considerably
less of the variation in hunting patterns than did optimal forag-
ing considerations based on prey encounter rates.

Empirical evidence of the interactions between marine
mammals and their prey, which might be used to test predic-
tions of optimal breath-hold foraging, is lacking. Recent
advances in recording instruments, however, now permit the
collection of data on the behavior of foraging animals. As a
result, information on several marine mammal and bird spe-
cies is now available and provides a basis with which to com-
pare their diving and feeding patterns (Kooyman 1981,
Kooyman et al. 1982; Nagy et al. 1984; Croxall et al. 1985;
Gentry et al. 1986a; Le Boeuf et al. 1988). Constraints
imposed by an animal’s physiology, morphology, and habitat
and the energetic decision rules common to aquatic predators
can be clarified by these comparisons.

The California sea lion (Zalophus californianus) is an ideal
subject for studies of diving behavior. Its large size provides
an interesting comparison to previous studies of smaller fur
seals (Gentry et al. 1986a). Like other otariid pinnipeds, sea
lions make repeated trips to sea during the breeding season,
returning each time to suckle their pups. This enables the
deployment and retrieval of dive recorders. Because they must
return with sufficient energy to nourish their pups during their
brief onshore fast, there is no doubt that feeding occurs during
these offshore periods (Costa 1986).

In this study, we examined the diving patterns of female sea
lions during these foraging trips. Although no information was
obtained on prey availability, inferences based on optimal
foraging predictions were made as to the factors that might
influence the observed behavior. Average dive durations were
compared with predicted values to assess the effects of oxygen
limitations on feeding patterns. Comparisons with other spe-
cies, for which similar data are available, give insights into the
foraging constraints imposed by the environment and those
that reflect functional limits.

Methods

This study was conducted at San Miguel Island, California (34°N;
120°25'W). Time —depth recorders (TDRs) were deployed on nine
lactating, adult California sea lions between mid-July and mid-August
1982, and on five animals during mid-July 1983.

The TDR is a 500-g mechanical device that records, in real time,
the depth and duration of every dive an animal makes over a 2-week
period. A complete description of this 5 X 20 c¢m instrument is given
by Kooyman et al. (1983) and Gentry and Kooyman (1986). Dives,
along with time marks are recorded on photographic film by a light-
emitting diode (LED) mounted on a movable, pressure sensitive
bourdon tube. Only dives greater than 10 m in depth and 30 s in dura-
tion can be resolved. Before deployment and after recovery, all TDRs
were calibrated to a maximum depth of 207 m using a portable pres-
sure station.

The appearance of the LED trace can also provide an indirect
measure of activity (Gentry and Kooyman 1986). Along with dives
that appear as pointed traces on the film, the baseline (recorded when
the animal is on the surface) may be either broad and wavy, or narrow
and flat (Fig. 1). A broad baseline is caused by movement or chatter
of the bourdon tube arm, and we interpret this trace to indicate sur-
face swimming. Similarly, we interpret a flat baseline as representing
inactivity of the animal or its resting on the surface. From these
images a time budget of the animal’s activities at sea can be con-
structed (Fig. 1).

Sea lions that were observed nursing a pup were captured with
hoop nets and physically immobilized using a large restraint board
with a detachable neck brace (Gentry and Holt 1982). TDRs were
fastened to each animal with a harness constructed from straps of
2.5 cm wide tubular nylon webbing (Gentry and Kooyman 1986). A
very high frequency (VHF) radio transmitter (5 cm length X 2 cm
diameter; Advanced Telemetry Systems) was also attached to the har-
ness to facilitate locating the animal on shore. When animals returned
from sea they were recaptured, the TDR removed, and the animal
released.

Analysis

Upon recovery, the film was developed and enlarged. Dive traces
and timing marks were digitized and printouts obtained of the time
each dive occurred, its depth, duration, and length of the following
surface interval (Gentry and Kooyman 1986). During analysis, it
became clear that dives occurred in clusters, separated by compara-



Can. J. Zool. Downloaded from www.nrcresearchpress.com bY University of British Columbia on 03/22/13
For personal use only.

874 CAN. J. ZOOL. VOL. 67, 1989

tively long surface intervals. To analyze these dive bouts, we estab-
lished their ending points in time using a bout-ending criterion (BEC)
that was determined by constructing surface interval — survivorship
curves (Gentry and Kooyman 1986). For each animal, the number of
post-dive surface intervals with a duration greater than a given time
t was plotted logarithmically against 7 on the ordinate (Fig. 2). This
formed a decreasing function with a slope proportional to the
probability of a surface interval of given duration occurring at any
time after the last surface interval recorded (Fagen and Young 1978).
A break in the slope, therefore, signifies a change in the probability
of surface interval occurrence.

For each animal two inflection points were observed: one at 2 to
3 min and the other between 7 and 11 min (Fig. 2). Following the
procedures outlined in Gentry and Kooyman (1986), the second point
was chosen to represent the BEC. To further define a bout, the mini-
mum number of dives was arbitrarily set at 10. A dive bout, there-
fore, consisted of 10 or more dives not separated by a surface period
exceeding the BEC. ,

Dive bouts were analyzed separately for mean dive depth, duration,
and surface interval length. Interbout intervals were calculated as
time from the last dive in a bout until the first dive of the next. Transit
times to and from the feeding grounds were established by calculating
the time from shore departure to the first dive bout and that spent in
returning to land from the last dive bout.

Activity budgets were constructed from records with clear swim-
ming and resting traces. Time spent swimming was determined as all
surface activity excluding resting and time spent on the surface
between dives occurring within bouts. During a dive bout, surface
intervals between dives were generally brief and likely did not indi-
cate travel, but instead were associated with replenishing O, stores.
Time spent diving was calculated as the total time that the animal was
submerged. Sea lions were considered resting when the dive trace
appeared flat (Fig. 1).

To calculate distance travelled from the amount of time spent
swimming, estimates were made of both swim speed and the instru-
ment’s hydrodynamic impact (Appendix). These calculations indicate
that adult sea lions should travel at an average velocity of 2.5 m/s
(9 km/h) when carrying the TDR package. Empirical data collected
on other otariid species of differing body size, however, suggest that
this value may be slightly high owing to the assumption of similar
relative transport costs between juveniles and adults (P. J. Ponganis,
personal communication). The average velocity of 9 km/h should
therefore be viewed as approximate and the calculated foraging
ranges regarded as maximum estimates.

Results

In 1982, all nine animals returned to shore with the instru-
ment package. One TDR failed, so that eight diving records
were obtained (ZC-5 through ZC-12). In 1983, only two of the
five animals returned to the study site (ZC-17 and ZC-20). A
total of 10 dive records was therefore obtained from individual
animals. Because several of the animals made more than one
trip to sea prior to recapture, a total of 17 feeding trips was
recorded (Table 1). On 6 of these, film in the TDR ran out
while the animal was still at sea. On 11 of the trips, the return
to shore was recorded.

Since all animals carried radio tags, it was possible to tell
when they returned to San Miguel Island. However, records
clearly showed that two animals (ZC-10 and ZC-17) were on
land for periods ranging from 12 to 33 h although they did not
return to the study site. Nevertheless, because offshore rocks
and other islands occur near San Miguel, these onshore
periods are taken to represent the end of a trip to sea.

Performance
Over 8900 dives were logged in 40.6 recorded days at sea.
The trace of the deepest dive, although completely recorded on
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FI1G. 2. A log survivor plot demonstrating the method used to deter-
mine bout-ending criteria (BEC). Surface intervals with a duration
greater than a given time (¢) are plotted against time on the abscissa.
This produces a decreasing function whose slope is proportional to
the probability of surface interval occurrence. Breaks signify a
change in probability. For this animal (ZC-12), the second inflection
point at 11 min was chosen as the BEC.

the film, exceeded the calibration of the instrument and was
estimated at 274 m (ZC-9; Table 1) by assuming a linear
correlation between pressure and the distance travelled by the
recording arm. The maximum dive duration was 9.9 min
(ZC-11; Table 1).

Despite these maxima, sea lions were relatively shallow and
short duration divers. For individual animals, dive times aver-
aged 1.5 to 2.8 min and mean depths ranged between 31 and
98 m (Table 1). The majority of all dives were 1.0 to 1.9 min
in length (Fig. 3) and between 20 and 50 m in depth (Fig. 4).

Feeding trips ranged from 0.7 to 6.5 days in duration, with
a mean (+SD) of 2.5 + 1.4 days. During this time, sea lions
averaged 202 + 56 dives per day. The activity budgets of
seven animals were determined by analyzing 14 feeding trips
from the clearest records. During an average trip of 52.8 +
24.5 h, they averaged 32.7 + 12.6% of their time diving,
41.4 + 18.0% swimming between dive bouts, and only 3.1 +
3.1% resting on the surface (Table 2). Time on the surface
between dives within bouts accounted for the remaining
22.8%. Because of the brief nature of surface intervals
between these dives, it was not possible to distinguish between
resting and swimming behaviors.

Based on the time spent swimming and a mean estimated
velocity of 9 km/h (Appendix), sea lions travelled an average
of 199 + 125 km while at sea (Table 2). The time spent in
travel to the first dive bout (mean = 3.4 + 3.4 h; N = 15)
was not significantly different from the time spent in returning
from the last dive bout (mean = 4.7 + 4.9 h; N = 11) (r-test;
p > 0.05), corresponding to distances of 30.6 and 42.3 km,
respectively. During the 11 completely recorded feeding trips,
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FiG. 3. Percent observations of all recorded dive durations. The
predicted ADL of 5.8 min is illustrated by the arrow. Only 4% of the
dives exceeded this estimated limit.

animals averaged 8.5 + 6.7 h (16.5 + 12.7% of their total trip
time) in transit (Table 3).

Diving bouts

Sea lions averaged 3.5 dive bouts per day with a mean dura-
tion of 3.3 + 1.5 h each (Table 4). The longest recorded bout
of continuous diving was 16.3 h (ZC-17). Intervals between
dive bouts were highly variable (range, 0.2—19.9 h) with a
mean of 2.9 + 1.8 h. There was no relationship between dive
bout length and length of either the preceding or following
interbout intervals; nor was there any correlation between time
of day and dive bout occurrence.

Sea lions spent an average of 50% of their total time at sea
engaged in diving bouts (Table 5). Of all recorded dives, 86 %
occurred within these groupings. Moreover, during dive bouts
sea lions spent 54 % of their time underwater, diving at a mean
rate of 16.4 + 3.1 dives/h (Table 5).

Analysis of the interbout activities of seven sea lions repre-
senting 14 feeding trips to sea showed that these animals swam
amean of 2.2 + 3.1 h (range, 0—16.6) between dive bouts,
covering an estimated distance of 20.2 + 28.2 km (range,
0—149.8). Resting occupied a mean of 0.4 + 0.7 h. Four ani-
mals did not travel between one or more dive bouts (10 out of
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TABLE 1. Zalophus californianus dive characteristics (means + SD are given where appropriate)
Mean surface
No. of Mean Maximum Mean dive Maximum interval within
trips Total no. dive depth dive depth duration dive duration dive bouts
Animal to sea of dives (m) (m) (min) (min) (min)
ZC-5 1 287 56.8+43.8 207 1.7+1.3 6.0 1.4+1.3
ZC-6 1 489 56.4+53.0 207 1.5+1.5 6.2 3.1+£2.0
7C-7 lor2 838 98.2+43.3 196 2.8+1.3 6.2 2.1+1.4
7ZC-8 1 931 31.1+35.1 207 1.5+1.2 7.5 0.8+1.5
7C-9 1 720 58.0+49.3 274 24+1.4 7.6 0.7+14
ZC-10 3 543 38.9+18.8 207 1.940.8 7.1 0.8+1.1
ZC-11 1 1005 76.3+49.5 234 1.7+1.6 9.9 1.4+1.3
ZC-12 2 1478 70.7+41.3 235 2.0+1.3 9.1 1.0+1.6
7C-17 5 2132 77.2+60.6 241 2.840.8 9.3 1.7£1.7
7C-20 1 508 54.0+46.6 233 24%15 8.2 1.1+1.8
2?_ 36% 8931 18J 1
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FI1G. 4. Percent observations of all recorded dive depths. Less than
5% of all dives were greater than 200 m in depth.

92 interbout intervals analyzed), but instead rested 100% of
the time. These resting intervals were invariably less than
1.2 h in length.

Analysis of dives within dive bouts revealed that dive dura-
tion was positively correlated with depth (R? = 0.73, p <
0.05; Fig. 5), indicating that deeper dives require more time
and energy than shallower ones. This is further supported by
plotting dive frequency against mean dive depth for individual
bouts, which reveals an exponential decline in frequency with
increasing depth (Fig. 6). No correlation was observed
between dive time and length of the following surface interval.

Patterns of diving

While diving patterns were often obscured by individual
variation, certain generalities were observed. Sea lions dived
at all times, although some showed a preference for day or
night diving. For example, ZC-7, ZC-9, and ZC-10 all
exhibited daytime peaks of diving activity, while ZC-5,
ZC-12, ZC-17, and ZC-20 made more dives during the night.
Dives by the remaining animals (ZC-6, ZC-8, and ZC-11)
occurred in roughly equal numbers throughout the day and
night (Fig. 7). These patterns probably represent a continuous
range of variation between individuals rather than discrete
categories. In general, however, the majority of dives by diur-
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TABLE 2. Activity patterns of Z. californianus at sea

TaBLE 3. Transit times to and from feeding areas

Mean Range SD N Mean Range SD N
Trip length (days) 2.5 0.7-6.5 1.4 16 Time to first dive bout (h) 34 0.2—-11.5 34 15
Dives per day 202 109—-300 56.0 16 % time in transit to
% time diving 327 15-56 12.6 14 first dive bout 6.8 0.6-23.3 78 15
% time swimming 41.4 9-69 18.0 14 Estimated distance travelled
% time resting 3.1 0-10 3.1 14 to first dive bout (km)* 30.9 1.5-103.5 30.3 15
Estimated distance Time from last bout to
travelled (km) 199 17-435 125.1 14 shore (h) 4.7 0.4-15.1 49 11
% time in transit from last
dive bout 9.4 0.5-29.7 88 11

nal feeders were shallow (<100 m) (Fig. 7). Similarly, noc-
turnal divers also made shallow dives at night and during
twilight hours, but often exceeded 150 m during the day.
Animals with no clear preference for day or night diving
exhibited various combinations of these two patterns.

Pooled data for all animals show that dives were most
numerous during the twilight hours, with the smallest number
occurring during midday (Fig. 8). Beginning at sunrise, dives
became progressively deeper and longer in duration until
about noon when these trends began to reverse. For all animals
combined, dives between 12:00 and 13:00 averaged 100.7 +
39.4 m in depth and 3.4 + 1.0 min in length, while between
00:00 and 01:00, they had decreased to 40.5 + 18.0 m and
1.3 £+ 0.4 min, respectively (Fig. 8).

Discussion

Despite the large degree of variability in individual dive
patterns, several features were consistent among animals. All
sea lions dived in bouts, a continuous series of dives separated
only by brief surface intervals. Bouts were separated by com-
paratively long periods of swimming during which time few,
if any, dives occurred. The majority of all dives were rela-
tively shallow and of short duration. Dive duration was posi-
tively correlated with depth, indicating that sea lions spend
less time underwater on shallower dives than on deeper ones.
Finally, all animals were active throughout virtually the entire
period at sea. Resting accounting for only 3% of the average
animal’s time.

Although the results of this study only provide a record of
diving behavior, there is little doubt that feeding occurred
during these offshore periods. Doubly labeled water measure-
ments have shown that nursing sea lions consume approxi-
mately 6.5% of their body weight per day while at sea (Costa
1986). Scat samples obtained from animals in this study also
indicate that feeding occurred (R. L. DeLong, unpublished
data). It seems reasonable to conclude, therefore, that the
TDR records demonstrate the manner in which female sea
lions locate and pursue prey.

Dive bouts are the most conspicuous feature of sea lion
diving patterns. Several lines of indirect evidence suggest that
these represent active feeding on individual prey patches.
During short bouts (<3 h), dives were usually made to a
specific depth that often varied less than 20—30 m. For
example, short bouts by ZC-12 had a mean variance in dive
depth of 23 m, while between-bout dives had a mean depth
variance of 44 m, a statistically significant difference (¢-test,
p < 0.05). This is consistent with the hypothesis that interbout
dives may serve an exploratory function, while dives within
bouts represent feeding. Additionally, during longer bouts,
dives gradually changed depth in a manner suggesting pursuit

Estimated distance travelled

from last dive bout (km)*  42.0 3.,6—139.5 44.1 11

Total time spent in

transit (h) 8.5 0.9-20.5 6.7 11
% of total trip time
spent in transit 16.5 2.2-39.5 127 11

*Based on estimated swimming speed of 9 km/h.

of vertically migrating prey, similar to that observed for
Antarctic fur seals feeding on krill (Croxall et al. 1985). Bouts
that began during daylight hours and extended into the evening
often became shallower as the night progressed (Fig. 9).

The observation that most diving effort was concentrated in
bouts also suggests that they indicate foraging. Dive bouts
averaged 3.3 h in length with mean interbout intervals of 2.9 h
(Table 4); 86% of all dives made at sea occurred within these
bouts. If dive bouts represent foraging, then animals spent an
average of 50% of their total time at sea engaged in this
activity (Table 5), with the remaining time spent resting, in
travel between bouts, and in transit to and from the rookery.

The distribution of dive bouts throughout the day and night
is a pattern consistent with the behavior of their prey. Cali-
fornia sea lions feed primarily on hake (Merluccius produc-
tus), market squid (Loligo opalescens), juvenile rockfish
(Sebastes spp.), and northern anchovy (Engraulis mordax)
during the spring and summer breeding season (Antonelis
et al. 1984). All are schooling, vertically migrating species
that occur over the continental shelf and slope (Vaughan and
Recksiek 1978; Dark et al. 1980; Gunderson and Sample
1980). These schools are generally compact and patchily
distributed, a fact that may account for the discrete, discon-
tinuous nature of diving bouts. It may also account for the
observation that bouts occur at all hours and that interbout
intervals are highly variable in length.

A comparison of the records obtained in 1982 and 1983 sug-
gests that dive bout length may be dependent on prey density
within these patches. During 1983, the Southern California
Bight experienced a major influx of warm water attributed to
a strong El Nifio. This correlated with a 20-fold reduction in
zooplankton biomass and a marked decrease in commercial
catches of market squid, salmon, and other fish species
(McGowan 1984). Presumably, this decrease extended to the
prey of Zalophus as well. The longest dive bout recorded for
any animal was from 1983 (ZC-17). Dive bouts were also sig-
nificantly longer (z-test; p < 0.05) for animals in 1983 (X =
4.6 + 4.3 h; N = 41) (ZC-17 and ZC-20) than for those in
1982 (x = 2.9 4+ 2.9 h; N = 115). From these data, it appears
that sea lions may compensate for a reduced prey encounter
rate by increasing the number of dives during a foraging bout.

The observation that dives within bouts were shallower and
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TaBLE 4. Diving bout characteristics

Mean interval

Recorded Bout-ending No. of Mean dive between
time at sea criteria dive bouts  bout length dive bouts Dive bouts  Mean dives
Animal (h) (min) per trip (h) (h)* per day per bout

ZC-5 28.1 8.0 6 2.4 1.8 5.1 43

ZC-6 83.3 11.0 12 23 4.4 3.5 29

7C-7 —F 10.0 141 4.7 —t — 51

ZC-8 74.4 10.0 15% 2.5 0.7 4.9 55
) ZC-9 66.2 10.0 14 2.8 1.8 5.1 45
S ZC-10 7.5§
N Ist trip 16.5 2 2.8 3.7 2.9 57
S 2nd trip 38.0 3 3.7 7.2 1.9 62
s 3rd trip 41.4 6 1.6 6.0 3.5 29
< ZC-11 156.7 7.0 23 2.0 4.6 3.1 35
a8 7C-12 11.0§
£ Ist trip 76.2 10 3.9 1.6 3.2 67
°© 2nd trip 84.7 13 2.9 3.0 3.7 57
O 7C-17 11.0§
K st trip 84.1 1 2.7 4.8 3.1 36
= 2nd trip 423 9 3.0 1.2 5.1 39
o 3rd trip 30.9 3 6.7 3.7 2.3 66
g 4th trip 213 2 9.6 0.2 2.3 98
5 Sth trip 68.8 9 6.9 0.8 3.1 89
) ZC-20 58.2 10.0 7 4.0 1.5 2.9 64
>
g x 60.7 9.2 33 2.9 35 54.2
> SD 347 5.3 1.5 1.8 1.0 19.4
g 5 N 16 17 159 129 16 17
8 § *Excluding transit times to first dive bout.

= tMay have returned to shore during the recording period.
g c tMay have made an earlier, shallow dive bout.
5_8 §BEC was calculated using all dives made by the animal.
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average depth (m) of those dives. Frequency showed an exponential
decline with depth. The best fit equation determined from least
squares analysis was as follows: frequency = 24.8 ¢~0.007 depth The
relatively low correlation (R? = 0.57) is due to the scatter present
for shallow bouts.

FIG. 5. The relation between depth and duration for dives occurring

within dive bouts. A positive correlation was observed (R? = 0.73).
Dive time can be predicted from the following equation: Dt =
0.409 + 0.0262 depth, where Dt is in minutes and depth in metres.

of shorter duration at night than during the day (Fig. 8) is
further evidence that these large scale diving patterns are

Symbols refer to the number of observations at each point. A, 1 strongly influenced by prey distribution..Vertk.:al. mig'rati(?ns
observation; (1, 2—5 observations; ¥, 6—9 observations; @, 10 or of the prey would appear to account for diel variations in dive

more observations.

depth. Twilight peaks of diving activity (Fig. 9) may also



CAN. J. ZOOL. VOL. 67, 1989

878

AON3INO3YY IAILVYTIIY AON3INOD3INYS

JANLVIIY AON3IND3IYE IFAILVIIY

uo asn feucs.ad o4

‘A
€T/2Z/S0 UoeIquIN|oD ushiig Jo AlsiBAuN \f LW02°'SS3.0U./E953 104U MAMA LUOJJ PBPRO [UMO(Q] *|00Z T LD

Fig. 7. Three dimensional plots of representative dive patterns. The relative frequency of dives is plotted as a function of both depth and

time of day. (A) ZC-10 exhibiting a diurnal diving preference, (B) ZC-17 showing nocturnal preference, (C) ZC-8 exhibiting no clear prefer-

ence for dive occurrence.
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TABLE 5. Mean diving effort

Over entire period at sea

Within diving bouts

% dives % total time
% total time occurring within engaged in % time spent Dive frequency
spent diving dive bouts dive bouts diving (dives/h)
X 32 86 50 54 16.4
SD 12.2 8.4 20.4 9.2 3.1
N 16 17 16 17 17
NotTe: N, Number of trips to sea. Where N = 17, 11 animals are represented; where N = 16, 10 animals are included.

S

0000 0400 0800

1200

TIME OF DAY

FiG. 8. Plot of all recorded dives as a function of the hour of day.
(a) Diel variation in dive depth. (b) Diel variation in the relative fre-
quency of dives. Stars represent local sunrise and sunset.

reflect a greater likelihood of foraging success during these
times. Prey may remain clumped as they rise toward the sur-
face before dispersing (Bailey et al. 1982), and shallower prey
might be better silhouetted against the brighter surface during
twilight than at night, making detection easier (Gentry et al.
1986a). Some fish may also be more susceptible to predation
during this time when ambient light wavelengths rapidly shift
out of their peak spectral sensitivity range (McFarland and
Munz 1975; Hobson et al. 1981).

Although sea lions have the physiological capacity to reach
depths of at least 250 m with durations longer than 9 min,
dives rarely approached these limits (Figs. 3 and 4). Approxi-
mately 75% of all dives were less than 100 m in depth and
3 min in length. Moreover, shallow dives were invariably
short, while deeper dives were longer, presumably reflecting
increased travel time to and from depth. Do these observations
reflect small scale diving patterns that are also structured by
the distribution and abundance of prey, or ones that are deter-
mined more by the physiological constraints of breath hold?

The most efficient foraging strategy for any aquatic mammal
is one that allows it to spend maximum time underwater in
search of food. This is achieved by reducing time spent on the

surface, rather than by making the longest possible dives.
Previous studies on Weddell seals have shown that surface
time can be minimized if dives are sustained by aerobic meta-
bolism (Kooyman et al. 1980). When anaerobic metabolism
supplements energy production during a dive, lactic acid (LA)
is formed. If LA accumulates over time, animals must extend
their surface time to process it and return the body’s acid —base
balance to predive conditions (Kooyman 1985). In Weddell
seals, dives up to 20 min can be supported aerobically. Beyond
this, increasing dive durations lead to increasing surface
periods (Kooyman et al. 1980; Kooyman 1981). The point at
which LA begins to appear in the blood stream has been
termed the aerobic dive limit (ADL) (Kooyman et al. 1980).
For any species, if serial dives are to be useful for foraging,
surface intervals must be brief to enable a quick return to the
prey patch. For this reason, the ADL is more important than
the maximum breath hold in structuring overall diving patterns
during foraging (Kooyman 1985; Gentry et al. 1986a).

Based on estimates of body O, stores, we have calculated
the ADL of a 90-kg sea lion as approximately 5.8 min
(Table 6). This calculation makes several assumptions, the
least certain of which is the diving metabolic rate. At the mini-
mum cost of transport speed, metabolism is roughly 2.5 times
the resting value (Feldkamp 1987). Upon submergence, how-
ever, changes occur that may lower this rate. Ventilation
ceases, heart rate slows, and cardiac output is reduced from
nondiving conditions (Kooyman 1975; Sinnett et al. 1978).
For this reason, we use 2 times the predicted resting value as
an estimate of diving metabolism. Because of the uncertainties
in these assumptions, 5.8 min should be viewed as only an
approximate value.

Sea lions exceeded this predicted ADL on only 4% of their
dives (Fig. 3). Similar findings have been reported for
Weddell seals and fur seals that remain within their ADL on
over 95% of their free-ranging dives (Kooyman et al. 1980;
Gentry et al. 1986a). Sea lions, in fact, rarely approached this
limit. Of all dives, 57% were less than 2 min in length, while
18% were between 2 and 3 min (Fig. 3).

It is possible that drag arising from the instrument package
may have led to a greater metabolic rate, thereby reducing this
predicted ADL. Laboratory studies showed that drag attribut-
able to the TDR increased with higher velocities (Appendix).
At faster speeds, which might occur during pursuit of rapidly
moving or evasive prey, greater drag would necessitate
increased metabolic power requirements. However, if metab-
olism was elevated to 4 times resting (equivalent to juvenile
sea lions swimming at 2.2 body lengths/s; Feldkamp 1987),
dives up to 3 min could still be supported aerobically. More-
over, all animals but one (ZC-10) made serial dives that
exceeded 5 min in length, implying that these too were
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F1G. 9. Segment of the diving record of ZC-12 showing vertical changes in dive depth as a function of time of day. This pattern suggests

pursuit of vertically migrating prey.

TaBLE 6. Predicted aerobic dive limit for a 90-kg sea lion

Stores

Reference

Lungs
Total lung capacity (TLC): 8.5 L
Diving lung volume: 50% TLC
Alveolar O, concn.: 15%

Available O,: 0.64 L

Muscle
Estimated mass: 0.3 X body mass

Myoglobin (Mb) concn.: 3.2 g/kg muscle
Combining capacity (mL O,/g Mb): 1.34

Available O,: 1.16 L

Blood
Total blood volume: 9.81 L
Arterial volume: 0.33 X total
Venous volume: 0.67 X total
Hemoglobin (Hb) content (g %): 16.5

Hb combining capacity (mL O,/g Hb): 1.34
Arterial stores (95 to 20% saturation): 0.54 L
Venous stores (90 to 15% saturation): 1.09 L

Available O,: 1.63 L

Summary
Total available O,: 3.43 L
Estimated metabolic rate:
2 x 0.0101 mass®” = 0.59 L/min
Predicted ADL: 5.8 min

Kooyman 1973
Kooyman and Sinnett 1982
Kooyman 1973

Lenfant et al. 1970
Castellini and Somero 1981
Kooyman and Sinnett 1982

Lenfant et al. 1970
Lenfant et al. 1970
Lenfant et al. 1970
Kooyman and Sinnett 1982
Kooyman and Sinnett 1982
Lenfant et al. 1970
Lenfant et al. 1970

Kleiber 1975

aerobic. It therefore appears that the majority of dives did not
exceed the ADL.

These findings suggest that within the physiological limits to
duration and depth, individual dives are also strongly
influenced by prey location and availability. While the
majority of dives were shallow and short (Figs. 3 and 4), sea
lions have the capacity to sustain longer breath holds, as
evidenced by the correlation between depth and duration. If
shallow prey are abundant, animals may make short dives to
minimize time spent loading oxygen at the surface. On these
dives, an oxygen reserve could be maintained to provide the
flexibility needed to make extended pursuits if necessary. If
prey are unavailable at the surface, or deeper prey are of a
higher energy content or encountered more frequently, sea

lions may extend their search time by diving deeper at the risk
of reducing the time available for pursuit (Dunstone and
O’Connor 19794). The abundance of shallow prey may there-
fore be an important factor structuring the observed patterns.

Sea lions were active, engaged either in diving bouts or in
travel, throughout their trips to sea (Table 2; Fig. 7). Continu-
ous activity may reflect the importance of quickly returning to
their dependent pup on shore. The observation that resting
accounts for only 3% of a female’s activity budget suggests
that they may attempt to maximize energy intake while mini-
mizing time spent away from the pup. The longer the pup must
fast on shore, the more it will utilize stored energy reserves
(Doidge et al. 1984a; Gentry et al. 1986a). In years of poor
food availability, when females make longer trips to sea, sea
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lion pups have lowered rates of milk intake, reduced growth
rates, and suffer a greater mortality (Ono et al. 1987). Hungry
pups also attempt to suckle more from unrelated females on
the rookery and, in doing so, increase the risk of being injured
(Doidge et al. 1984b; Ono et al. 1987). Sea lions that feed
quickly and return to shore may, therefore, reduce the
probability of mortality to their young.

Time spent in transit and in swimming between dive bouts
provides an indication of distances sea lions travel while feed-
ing. On average, animals swam an estimated 31 km before
beginning their first dive bout and 42 km after finishing the
last (Table 3). Between bouts they travelled a mean of 20 km,
indicating active searching for prey patches. The percentage of
total trip time spent in transit (16.5%) is similar to that
observed for other otariid species. Fur seals and the Galapagos
sea lion (Z. californianus wollebaeki) spend between 12 and
29% of their feeding trips in transit, although absolute transit
durations vary greatly (Gentry et al. 1986a). This suggests that
the duration of a feeding trip may be partially dependent on the
distance animals swim to reach suitable feeding areas. For
example, northern and Antarctic fur seals (Callorhinus ursinus
and Arctocephalus gazella, respectively) have average transit
times to the first dive bout of 15— 16 h, with average trip dura-
tions of 128—165 h (Gentry et al. 1986b; Kooyman et al.
1986). The Galapagos sea lion spends only 16 h at sea and
0.5 h in transit from shore (Kooyman and Trillmich 1986).
California sea lions appear to be intermediate between these,
spending an average of 61 h at sea with a mean outward bound
transit time of 3.4 h (Table 3).

Many aspects of California sea lion diving behavior are
similar to those reported for other eared seals. Galapagos sea
lions and all fur seals examined to date make dives that are
generally shallow and of short duration, with average depths
and durations comparable with those measured for sea lions
(Gentry et al. 1986a). Maximum depths and durations are also
in the range of sea lions, exceeding 200 m and 7 min in length.
Dive durations correlate strongly with depth. All species parti-
tion diving activity into bouts, and diving frequency within
these bouts shows little variation across species lines. Activity
partitioning is also qualitatively similar among otariids,
although absolute transit times vary greatly. All animals but
the Galapagos sea lion spend the majority of time swimming.
With the exception of the northern fur seal, rest accounts for
only 5% or less of the total time at sea.

Comparisons such as these help to shed light on certain div-
ing characteristics that may change as a consequence of envi-
ronment or prey type and those that are constrained by the
physiology, morphology, and behavior of these animals. For
example, maximum depths and durations are similar among all
otariid species and appear to be largely inflexible charac-
teristics. The strong correlation between depth and duration
also suggests a behavior constrained by the relatively short
breath-hold duration of otariids. However, mean dive depths
and durations, while shallow and short for most animals, can
vary on an individual basis (Table 1; Gentry et al. 1986b) and
may be partially dependent on prey availability. Similarly,
variable transit times and feeding trip durations between
habitats and large differences in the overall number of dives/h,
imply that large scale activity patterns can be greatly modified
to accommodate differences in local feeding conditions.

Although similar in many ways to other otariids, the
patterns observed for sea lions are quite distinct from those
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described for phocid seals. In the two species for which com-
parable data are available, the Weddell and northern elephant
seal, dives often exceed 300 m in depth and 20 min in length
(Kooyman 1981; Le Boeuf et al. 1986; Le Boeuf et al. 1988).
Elephant seals, unlike sea lions, also spend a considerable
fraction of each dive at depth. If time at the bottom of a dive
represents pursuit and (or) search time, then in general,
phocids may spend a greater percentage of each dive engaged
in this activity than do otariids (Le Boeuf et al. 1988). It is not
clear whether these divergent patterns arise from differences
in size and breath-hold capacity, methods of locomotion, or
prey selection. While all are undoubtedly important, future
studies are needed to help clarify the consequences of different
adaptations to breath-hold foraging.
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Appendix

No studies have documented the average swimming velocity of
California sea lions in the wild. We present here theoretical calcula-
tions of swim speed based on laboratory studies of juvenile animals.
Feldkamp (1987) has shown that sea lions weighing 20—25 kg cover
the greatest distance for the least amount of energy (minimum cost
of transport speed) when travelling at 1.4 body lengths/s. The total
length of eight adult female sea lions, measured on San Miguel
Island, averaged 2.1 £ 0.1 m. If we assume similar relative transport
costs as for juveniles, then adult sea lions should travel at speeds
close to 3 m/s.

Swimming velocities were likely reduced as a result of increased
drag caused by the TDR and harness (Wilson et al. 1986). To esti-
mate this increase, drag studies with a 37-kg sea lion, 1.46 m in
length, were undertaken. Resistance was measured by towing the
animal through the water behind a moving cart (Williams and Kooy-
man 1985; Feldkamp 1987). At a speed of 1.4 body lengths/s, the
presence of the TDR and harness increased drag by a factor of 1.65
(Fig. 10). While this value may decrease with larger body size, it
does provide a first approximation of the recording system’s hydro-
dynamic effect.

The extent that swimming speed was affected by drag from the
instrument can be estimated from this augmentation factor. Feldkamp
(1985) shows that the drag coefficient (Cd) of sea lions (based on
wetted surface area) is a function of the Reynolds number (Re)
(defined as the product of an animal’s length and velocity divided by
the fluid’s kinematic viscosity; Hoerner 1958), where Cd = 0.0464
Re ", At 1.4 body lengths/s, swimming efficiency was roughly
10% (Feldkamp 1987). With these values, a number proportional to
power input (P) can be calculated for a sea lion 2 m in length
where:
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Fi16. 10. An illustration of the increase in drag resulting from the
TDR and harness for a 37-kg sea lion. Drag on the animal both with
and without the recording system was obtained through towing
experiments and the factorial increase plotted here as a function of
velocity.

drag X velocit
[1] P = crag » velocly
efficiency

and
[2] drag=05p x S x U? x Cd

(p = density; S = surface area; U = velocity) (Webb 1975). If drag
is augmented by a factor of 1.65, then the power necessary to main-
tain a similar swimming speed also rises. For the same rate of energy
expenditure, we predict that a sea lion encumbered by the TDR and
harness would swim at 2.5 m/s (9 km/h) rather than the estimated
value of 3.0 m/s. This speed is therefore taken as an estimate of the
study animals’ swimming velocity.

ANTONELIS G. A., Fiscus, C. H., and DELONG, R. L. 1984. Spring
and summer prey of California sea lions, Zalophus californianus,
at San Miguel Island, California, 1978—79. Fish. Bull. 82:
67-176.

BalLEY, K. M., Francis, R. C., and STEVENS, P. R. 1982. The life
history and fishery of Pacific whiting, Merluccius productus. Rep.
Calif. Coop. Ocean. Fish. Invest. 23: 81—98.

CASTELLINI, M. A., and SOoMERO, G. A. 1981. Buffering capacity of
vertebrate muscle: correlations with potentials for anaerobic func-
tion. J. Comp. Physiol. 143: 191—198.

Costa, D. P. 1986. Assessment of the California sea lion and
Northern elephant seal on commercial fisheries, R/F-92. In Cali-
fornia Sea Grant College program final report. Institute of Marine
Resources, University of California, San Diego.

CROXALL, J. P., EVERsON, 1., KooyMaN, G. L., RickeTTs, C., and
Davis, R. W. 1985. Fur seal diving behavior in relation to vertical
distribution of krill. J. Anim. Ecol. 54: 1—8.

Dark, T. A., NELSON, M. O., TRAYNOR, J. J., and NUNNALLEE, E. P.
1980. The distribution, abundance, and biological characteristics
of Pacific whiting, Merluccius productus, in California — British
Columbia region during July —September 1977. Mar. Fish. Rev.
42: 17-33.

DoIpGE, D. W., CrOXALL, J. P., and RickeTTs, C. 1984a. Growth
rates of Antarctic fur seal, Arctocephalus gazella, pups at South
Georgia. J. Zool. (Lond.), 203: 87—93.

DoipGe, D. W., CROXALL, J. P., and BAKER, J. R. 1984b. Density-
dependent pup mortality in the Antarctic fur seal, Arctocephalus
gazella, at South Georgia. J. Zool. (Lond.), 202: 449—460.

DunsTONE, N., and O’CONNOR, R. J. 1979a. Optimal foraging in an
amphibious mammal. 1. The aqualung effect. Anim. Behav. 27:
1182—1194.

1979b. Optimal foraging in an amphibious mammal. II. A
study using principal component analysis. Anim. Behav. 27:
1195-1201.

Fagen, R. M., and Young, D. Y. 1978. Temporal patterns of
behavior: durations, intervals, latencies and sequences. In Quanti-
tative ethology. Edited by P. W. Cogan. John Wiley and Sons,
New York. pp. 79—114.

FeLbkamp, S. D. 1985. Swimming and diving in the California sea
lion, Zalophus californianus. Ph.D. dissertation. University of
California, San Diego.

1987. Swimming in the California sea lion: morphometrics,
drag and energetics. J. Exp. Biol. 131: 117—135.

GENTRY, R. L., and HotLr, J. R. 1982. Equipment and techniques for
handling Northern fur seals. NOAA Tech. Rep. NMFS SSRF
No. 758.

GENTRY, R. L., and KooymaN, G. L. 1986. Methods of dive analy-
sis. In Fur seals: maternal strategies on land and at sea. Edited by
R. L. Gentry and G. L. Kooyman. Princeton University Press,
Princeton, NJ. pp. 28—40.

GENTRY, R. L., Costa, D. P., CrROXALL, J. P., Davip, J. H. M.,
Davis, R. W., KooyMaN, G. L., MaJLUF, P.,, McCanN, T. S., and
TrILLMICH, F. 1986a. Synthesis and conclusions. In Fur seals:
maternal strategies on land and at sea. Edited by R. L. Gentry and
G. L. Kooyman. Princeton University Press, Princeton, NJ. pp.
220—-264.

GENTRY, R. L., KooyMaN, G. L., and GoeBEL, M. E. 1986b. Feed-
ing and diving behavior of Northern fur seals. In Fur seals:
maternal strategies on land and at sea. Edited by R. L. Gentry and
G. L. Kooyman. Princeton University Press, Princeton, NJ. pp.
61-78.

GUNDERSON, D. R., and SaMpLE, T. M. 1980. Distribution and abun-
dance of rockfish off Washington, Oregon, and California during
1977. Mar. Fish. Rev. 47: 2—16.

HossoN, E. S., McFARLAND, W. N., and CHEss, J. R. 1981. Crepus-
cular and nocturnal activities of California nearshore fishes, with
consideration of their scotopic visual pigments and the photic envi-
ronment. Fish. Bull. 79: 1-30.

HOERNER, S. F. 1958. Fluid-dynamic drag. Published by the author,
Midland Park, NY.

KLEIBER, M. 1975. The fire of life. Krieger Publishing Company,
New York.

KoovMaN, G. L. 1973. Respiratory adaptations in marine mammals.
Am. Zool. 13: 457 —468.

1975. Physiology of freely diving Weddell seals. Rapp.

P. V. Reun. Cons. Int. Explor. Mer, 169: 441—444.

1981. Weddell Seal: consummate diver. Cambridge Uni-

versity Press, New York.

1985. Physiology without restraint in diving mammals. Mar.
Mamm. Sci. 1: 166—178.

KooyMaN, G. L., and SINNETT, E. E. 1982. Pulmonary shunts in
harbor seals and sea lions during simulated dives to depth. Physiol.
Zool. 55: 105—111.

KoovyMaN, G. L., and TriLLMICH, F. 1986. Diving behavior of
Galapagos sea lions. In Fur seals: maternal strategies on land and
at sea. Edited by R. L. Gentry and G. L. Kooyman. Princeton Uni-
versity Press, Princeton, NJ. pp. 209—-219.

KooyMaN, G. L., WAHRENBROCK, E. A., CASTELLINI, M. A., Davis,
R. W., and SINnNETT, E. E. 1980. Aerobic and anaerobic
metabolism during voluntary diving in Weddell seals: evidence of
preferred pathways from blood chemistry and behavior. J. Comp.
Physiol. 138: 335—346.

KooyMaN, G. L., Davis, R. W., CRoXALL, J. P, and Costa, D. P.
1982. Diving depths and energy requirements of king penguins.
Science (Washington, D.C.), 217: 726—727.

KooyMmaNn, G. L., BiLrups, J. O., and FARWELL, D. W. 1983. Two
recently developed recorders for monitoring diving activity of




FELDKAMP ET AL. 883

marine birds and mammals. /n Experimental biology at sea. Edited
by A. G. Macdonald and I. G. Priede. Academic Press, New
York. pp. 197-214.

KooymaN, G. L., Davis, R. W., and CroxaLL, J. P. 1986. Diving
behavior of Antarctic Fur seals. /n Fur seals: maternal strategies
on land and at sea. Edited by R. L. Gentry and G. L. Kooyman.
Princeton University Press, Princeton, NJ. pp. 115—125.

KReBs, J. R. 1978. Optimal foraging: decision rules for predators. In
Behavioral ecology. Edited by J. R. Krebs and N. B. Davies.
Blackwell Scientific, London. pp. 23—-63.

LE Bokeug, B. J., Costa, D. P.,, HUNTLEY, A. C., KooymaN, G. L.,
and Davis, R. W. 1986. Pattern and depth of dives in Northern
elephant seals, Mirounga angustirostris. J. Zool. (Lond.), 208:
1-7.

LE Boeug, B. J., Costa, D. P., HUNTLEY, A. C., and FELDKAMP,
S. D. 1988. Continuous, deep diving in female northern elephant
seals, Mirounga angustirostris. Can. J. Zool. 66: 446—458.

LENFANT, C., JoHANSEN, K., and ToRRANCE, J. D. 1970. Gas trans-
port and oxygen storage capacity in some pinnipeds and the sea
otter. Respir. Physiol. 9: 277—286.

MCcFARLAND, W. N., and Munz, F. W. 1975. The evolution of pho-
topic visual pigments in fishes. Vision Res. 15: 1071—1080.

McGowaN, J. A. 1984. The California El Nino, 1983. Oceanus, 27:
48-51.

Nagy, K. A., SIEGFRIED, W. R., and WiLsoN, R. P. 1984. Energy
utilization by free-ranging jackass penguins, Spheniscus demersus.
Ecology, 65: 1648 —1655.

Ono, K. A., BonEss, D. J., and OFTEDAL, O. T. 1987. The effect of

iversity of British Columbia on 03/22/13

For personal use only

Can. J. Zool. Downloaded from www.nrcresearchpress.com bY Un

a natural disturbance on maternal investment and pup behavior in
the California sea lion. Behav. Ecol. Sociobiol. 21: 109—118.
Orians, G. H., and PEARsoN, N. E. 1979. On the theory of central
place foraging. /n Analysis of ecological systems. Edited by D. J.
Horn, G. R. Stairs, and R. D. Mitchell. Ohio State University

Press, Columbus, OH. pp. 155—177.

Pyke, G. H., PuLLiaM, H. R., and CHARNOV, E. L. 1977. Optimal
foraging: a selective review of theory and tests. Q. Rev. Biol. 52:
137—154. )

ScHOENER, T. W. 1971. Theory of feeding strategies. Annu. Rev.
Ecol. Syst. 2: 369 —404.

SINNETT, E. E., KooyMAN, G. L., and WAHRENBROCK, E. A. 1978.
Pulmonary circulation of the harbor seal. J. Appl. Physiol. 45:
718—-17217.

VauGHAN, D. L., and Recksiek, C. W. 1978. An acoustic investiga-
tion of market squid, Loligo opalescens. In Biological, oceano-
graphic, and acoustic aspects of the market squid, Loligo
opalescens, Berry. Edited by C. W. Recksiek and H. W. Frey.
Calif. Dep. Fish Game Bull. 169: 135—147.

WEBB, P. W. 1975. Hydrodynamics and energetics of fish propulsion.
Bull. Fish. Res. Bd. Can. 190: 1—158.

WiLLiams, T. M., and KooymaN, G. L. 1985. Swimming per-
formance and hydrodynamic characteristics of harbor seals Phoca
vitulina. Physiol. Zool. 58: 576 —589.

WiLsoN, R. P, GRanT, W. S., and DUFFY, D. C. 1986. Recording
devices on free-ranging marine animals: does measurement affect
foraging performance? Ecology, 67: 1091 —1093.



