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ABSTRACT

Previous studies of fur seals suggest that the attendance patterns and con-
sequent temporal patterning of energy transfer from mother to pup follows a
latitudinal cline. While data from subpolar, tropical, and some temperate
latitude species support the postulated cline, data for the temperate latitude
Juan Ferndndez fur seal do not. Maternal foraging trips and associated visits
ashore were the longest of all otariids studied to date. The first foraging trip
postpartum averaged 10.2 d (n = 51 females, range 1-22.5), foraging trips
combined averaged 12.3 d (» = 100, range 1.0-25.0), and visits ashore
averaged 5.3 d (» = 91, range 0.3—15.8) over the three seasons of study.
Only duration of lactation was intermediate between subpolar and tropical
strategies as predicted. Dive records suggest that these females feed almost
exclusively at night at depths of less than 10 m and at distances of more
than 500 km offshore. The prey species of this fur seal, primarily myctophids
and squid, migrate to the surface at night and are patchily distributed. For-
aging trip length varied between years in conjunction with shifts in sea-
surface temperature and type of prey consumed. We suggest that distribution
of prey, irrespective of latitude, dictates foraging patterns of fur seals and
leads to the exceptionally long foraging trips and visits ashore observed in
this species.
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The maternal care of pinnipeds is unusual among mammals because females
give birth on land or ice but feed entirely at sea. While all pinnipeds share
this constraint, how females balance the requirements of aquatic foraging
against those of terrestrial parturition and lactation varies considerably among
species. Phocids, for the most part, do not forage during lactation and wean
their pups within 4-50 d, whereas otariids conduct foraging trips throughout
the course of lactation, weaning their pups in 4—36 mo (Oftedal ez 2/. 19874,
Bonner 1984). In the only extant odobenid, the walrus, Odobenus rosmarus,
females forage throughout lactation, suckle both on land and at sea, and wean
their pups at 24 mo (Fay 1982, Miller and Boness 1983).

A previous synthesis of fur seal maternal strategies, which included data on
the diving behavior of five fur seal and one sea lion species, suggests that the
temporal patterning of energy transfer from mother to pup follows a latitudinal
cline (Gentry ez #/. 1986). In subpolar species, females make long trips to sea
followed by infrequent long periods on land, during which pups receive large
amounts of high-fac milk and are weaned in approximately four months. In
the tropical species, females make frequent short trips and spend short periods
on land to feed their pups relatively low-fat milk, eventually weaning them
in one to three years. Gentry e 2/. (1986) emphasized the need for additional
data on temperate latitude species and suggested the additional influences of
local effects such as temporal and spatial distribution of prey on maternal
attendance patterns.

We present data on the attendance and foraging behavior of the previously
unstudied, temperate latitude Juan Ferndndez fur seal, Arctocephalus philippii,
and test whether latitude predicts the pattern of maternal care observed in
this species. We examine the determinants of foraging trip duration and in-
terannual variation in duration, using measures of diving behavior and location
to clarify the relationship between foraging behavior and prey exploited. Fi-
nally, we discuss the available data on prey distribution and abundance and
their relationship to the attendance patterns observed.

MATERIALS AND METHODS

Study Site and Animals

Forty lactating females were captured during their perinatal period at Los
Harenes, Alejandro Selkirk Island, Chile (33°46'S, 80°47'W) in late Novem-
ber and early December of the 1988, 1990, and 1991 breeding seasons. For
those females from which telemetry instruments were retrieved, a second cap-
ture was made approximately one month later. Twenty of these females were
fitted with a MKIII+ Time Depth Recorder (TDR, 100 g, 2.5 cm diameter
X 15.2 cm length—Wildlife Computers, Woodinville, WA) and a VHF radio-
transmitter (81 g, 1.9 cm diameter X 10.2 cm length—Advanced Telemetry
Systems, Isanti, MI) glued with Devcon 5-min epoxy to the fur on their backs.
Females were marked on the head and flanks with orange fluorescent paint
(Lenmar Paint, Baltimore, MD) for identification. Twenty females received
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radio-transmitters alone. Fifteen of the TDRs (those deployed in 1990 and
1991) were Geographic Location TDRs (GLTDRs) and measured light level
and temperature to provide daily estimates of location at sea (DeLong ¢t /.
1992). Data on diving behavior were collected from 9 of the 20 TDRs de-
ployed. Of the 11 remaining, 2 were recovered but failed mechanically, 4
became detached from the females during a foraging trip, and 5 of the females
were not seen after their departure to sea. To obtain more accurate and frequent
measures of location at sea, in 1992 an additional three females were captured
as above and outfitted with a 0.5-watt satellite-linked TDR (SLTDR, 450 g,
10.5 X 14.5 X 3.5 cm—Wiildlife Computers). The SLTDR transmits dive
records to satellites from which locations of better than 1 km accuracy can be
calculated. Two of the three SLTDRs deployed provided records.

Fifty-one lactating females, marked remotely with paint pellets (Nelson
Paint Co., Iron Mt., MI) at El Tongo rookery during 1988, 1990, and 1991,
served as a control for the effect of instruments on attendance.

All females recaptured were stomach-lavaged with approximately two liters
of fresh water and given an enema. The samples retrieved were washed through
nested sieves to recover cephalopod beaks, fish otoliths, and tissue for identi-
fication of prey species consumed (Lowry 1986). Otoliths were identified to
the level of genus or species through comparison to published material (Fitch
and Brownell 1968, Fitch 1969, Hetch and Hetch 1981, Harkénen 1986)
and to reference collections from locally caught fish and museum specimens.
Squid beaks were identified using drawings and stereoscopic photos (Clarke
1962, 1986; Garcia-Tello 1965; Wolff 1982) in addition to reference beaks
from museum specimens.

Data Collection and Analysis

The presence of each VHF-instrumented female was monitored automati-
cally using a data logger and radio receiver (Advanced Telemetry Systems,
Models 5040 and R2000) programmed by a laptop computer. The radio re-
ceiver and antenna were positioned approximately 200 m inland and at an
altitude of 30 m, giving a range of at least 1 km with a line of sight to all
resting locations regularly used by the study females at Los Harenes. To assure
that females were not ashore at other sites, we surveyed adjacent beaches at
3-7 d intervals. The receiver and data logger were set to scan all transmitter
frequencies once every 15 min, counting the number of pulses received for
each in a 5-sec interval. An instrumented female was considered on land if
the maximum five pulses was received during a scan. Records of less than five
pulses usually indicated that females were rafting offshore as verified by TDR
records and direct observation.

The presence of paint-marked females was monitored visually at El Tongo
from 0900 through 2100 daily throughout the study period: in 1988 from
29 November to 23 December, in 1990 from 15 November through 28 Feb-
ruary, and in 1991 from 19 October through 28 January. Departure and arrival
dates for foraging trips were calculated to the nearest quarter hour for females
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with instruments and to the nearest hour for those observed visually, and these
values were used for all calculations of trip and visit lengths presented. In
cases where the paint-marked “control” females departed or arrived between
observation periods, such as overnight, time was assigned as the midpoint
between observations, usually 0300. A foraging trip was defined as any period
encompassing 24 h or more during which a female was not recorded on land.
This criterion has been employed in the majority of studies to which we
compare. In this application it excludes trips to sea of several hours’ duration
occurring most often during the heat of the day (Francis and Boness 1991)
but occasionally at night.

To assess the accuracy of methodology previously employed in the study of
female attendance patterns in otariids, we also calculated time at sea and time
ashore to the nearest day. As with previous investigators (e.g., Gentry and Holt
1986, Heath ¢t @/ 1991), we assumed that if a female was sighted on land
during the daily observation period, she was present the entire day. These
values were then compared to the primary data analyzed at an accuracy of a
quarter hour or hour for the instrumented and control females, respectively.

TDRs were programmed to record depth every 10 sec when the instrument
was wet and to record only time when dry. Depth was measured to an accuracy
of 2 min 1988 and 1 m in 1990 and 1991; however, because of some drift
in the measurement of zero depth inherent in the TDR design, only dives
greater than 2 m were considered for 1990 and 1991 records. For 1988 records,
due to more extreme drift in zero depth measures and a lower precision of the
instrument, only depth measurements greater than 10 m were considered. For
comparison to the 1988 data and also to previous studies, records from 1990
and 1991 were analyzed also at 2 10-m minimum depth.

Dive frequency was calculated over the total time at sea. This contrasts with
other studies where dive frequency was calculated within dive bouts (Gentry
and Kooyman 1986, Feldkamp et 2/. 1989). Dives were not distributed over
time in this study such that dive bouts could be identified from log-survi-
vorship plots of durations at the surface, for either 3-m or 10-m minimum
records.

Daily locations at sea were calculated for five females using GLTDRs which
measured light levels at each surfacing. The light levels were converted to
dawn and dusk times which were used to obtain latitude and longitude values
from standard navigational algorithms within the GEOLOCATION program
(Wildlife Computers) (DeLong et 2/. 1992). Predicted locations and empirical
tests (DeLong et @/ 1992) suggest that a conservative interpretation of our
data would place the actual location of the animals in this study within a 250
km X 250 km zone. Data plotted are the central points of each predicted
location zone.

SLTDRs have been used in a number of marine mammal studies (Stewart
et al. 1989, McConnell et al. 1992, Metrick et al. 1994). Accuracy of the
locations depends on the number of signals received during a satellite pass. In
our study 10% of the signals were of Class 2 accuracy (350 m each in
latitude and longitude), 27% were Class 1 (=1 km), and 63% were Class 0
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Table 1. Duration (days) of visits ashore and trips to sea during foraging cycles of
uninstrumented female Juan Ferndndez fur seals from El Tongo Rookery, Alejandro
Selkirk Island. Values presented are mean, = SD, (#), and range.

1988 1990 1991 F P % (88-91)

Perinatal 113 * 426 12.1 = 2.62 10.7 = 297 0.63 ns. 11.3 £ 3.35
period 16) (12) (21) (49) 6.6-20.6
st trip 95 * 448 143 *+5.64 84 * 536 5.12 <01 102 *5.64
(14) (12) 2D “47) 1.0-22.5

1st visit 52 *+189 59 *x299 41 * 201 232 ns. 49 * 236
(11 (12) 1) (44) 0.8-12.0

1990 1991 F P % (90-91)

2nd trip 16.0 £ 5.75 13.1 = 6.69 1.21 ns. 142 * 6.42
(11) 19) (30) 2.5-25.0

2nd visit 6.6 269 57 *202 097 ns. 6.0 = 2.27
(10) (18) (28) 1.7-10.5

3rd trip 164 = 4.16 12.6 = 652 1.58 ns. 14.2 = 5.82
(10) (13) (23) 1.7-23.0

3rd visit 47 =283 54 * 435 041 ns. 5.0 = 3.63
O (10) (19) 0.3-15.8

Trips 1-3 12.3 = 6.19
(100) 1.0-25.0

Visits 1-3 5.3 * 2.67
91) 0.3-15.8

(unknown accuracy). Locations plotted are averages of 1-9 sightings for each
day an animal was located.

REsuLts
Attendance Pattern

Juan Ferndndez fur seal females in this study that were not carrying instru-
ments spent an average 11.3 d on land with their newborn pups prior to
departing on their first foraging trip (Table 1). The mean duration of foraging
trips was 12.3 d and visits ashore averaged 5.3 d. Attendance patterns varied
considerably within and between females (Fig. 1). Female attendance periods
ranged from 0.3 to 15.8 d and trips to sea from 1.0 to 25.0 d.

Females frequently made trips to sea for less than one day, and these trips
were considered separately from the above analyses. TDR records from six
fernales in 1990 and 1991 show that females went on 1.36 (SD = 0.74, » =
6) short trips per day. The majority (82%) of these trips occurred during the
middle of the day and were associated with increases in solar radiation (see
Francis and Boness 1991). Daytime trips for the TDR females averaged 2.2 h
in length (SD = 1.46, n = 64). Nighttime short trips recorded with the
TDRs were longer (mean = 9.3 h, SD = 5.10, » = 14, Student’s s-test, =
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Figure 1. Attendance patterns of individual, non-instrumented females, Alejandro
Selkirk Island, 1988-1991. Birth date of pup represented as “B.” Solid bars indicate
days female was present on land. Dotted vertical lines indicate end of observation
period.

—5.20, P < 0.0001) than daytime trips. As a rule, diving was infrequent
during these short trips (see section on diving behavior, below).

The data on nighttime short trips recorded with TDRs can be applied to
data from non-instrumented females to calculate the effect of their inclusion
on the average foraging trip length. TDR females averaged 0.22 nighttime
short trips per day ashore (SD = 0.205, » = 6). Non-instrumented females
averaged 5.3 d ashore per foraging trip to sea. Assuming the TDR data apply
to these females, we can calculate that the average female takes 1.17 short
trips for every foraging trip recorded. Using the sample of foraging trips for
this study (mean 12.3 d, » = 100) and adding 117 short trips of 9.3 h gives
an average of 5.83 d per trip.

Average weight and length of instrumented females at first capture were
48.1 kg (SD = 9.92) and 142.1 c¢m (SD = 6.97), respectively, and did not
differ significantly between years (ANOVA df = 37, 2; F = 1.71 and 0.68,
respectively, P = 0.19).

Intra-annual and interannual variation—The first foraging trip was shorter
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than the second and third foraging trips (Table 1 for both 1990 and 1991
(paired 7-tests, P < 0.05), with the exception of the second foraging trip in
1990 (P = 0.08). The first visit was shorter than the second in 1991 but not
in 1990 (P = 0.45). Second and third foraging trips and visits were not
significantly different from each other. A regression of trip length on days
postpartum was not significant (F = 1.552, df = 110, 1), despite the shorter
trips immediately postpartum.

Foraging trip length varied significantly between years. The first foraging
trip of females with and without instruments was 60% longer in 1990 than
1991 and 1988 (Tables 1 and 2). Subsequent foraging trips also tended to be
longer in 1990 than 1991 (the only years for which data were available) but
pooled data within year was not significant (paired z-test, P = 0.055, Table
1). In contrast, duration of visits ashore did not vary significantly between
years.

Instrument effect—In all three years VHF transmitters and TDRs attached
to females had a significant effect on foraging trip length (Table 2). Though
the tendency was for females with TDRs to be at sea longer than females with
radio-transmitters and shortest with females carrying no instruments, not all
years showed significant differences (SNK multiple comparisons test between
means). In 1990 the effect was most pronounced: the first foraging trip of
TDR females was four times longer than females without instruments and
half again longer than for females carrying radio transmitters. In 1988 TDR
females were at sea twice as long as for females without instruments, and in
1991 none of the means were significantly different.

Effect of precision in measuring attendance patrerns—In many previous studies
duration of feeding cycles has been measured to the nearest day assuming the
female is ashore all day if seen at least once. In this study we analyzed trip
and visit durations both to the nearest hour and to the nearest day to measure
the effect of this assumption. As before, absences of less than 24 h were not
defined as trips and thus were excluded from this analysis.

Analysis to the nearest day resulted in significantly longer visits ashore and
shorter trips to sea than measurements to the nearest hour. Visits of instru-
mented and non-instrumented females combined were 0.64 d longer on av-
erage (paired z-test, # = —16.78, » = 106, P < 0.0001) and trips were 0.71
d shorter (+ = 26.06, » = 158 visits, P < 0.0001) than comparable data
analyzed to the nearest hour.

Diving Bebavior

The TDR records cover the first month of foraging after birth and show
the pattern of relatively shallow, nighttime diving found in other arctocepha-
lines (see fig. 15.5 in Gentry ef /. 1986). Dives reached maximum depths of
50-90 m, with the majority to less than 10 m (Fig. 2, Table 3). Frequency
of diving, however, was low for an arctocephaline: only 0.6 dives/h to a depth
of 10 m or greater. Minimum depth used in the analysis strongly affected
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Figure 2. Three-dimensional plot of frequency of dives by depth and time of day.
Composite for nine females and 7,557 dives. Measurements for three fernales from
1988 (z = 342 dives) are included for which dives <10 m were not recorded.

mean dive depth. Using a 10-m minimum depth, the mean was double that
calculated for a 3-m minimum depth.

Diving occurred almost exclusively at night: 99.5% of all dives occurred
between 2000 and 0700. Females usually began frequent diving around 2200
on the evening following their departure from land, although shallow dives
typically began within minutes of entering the water. The first dive to 10 m
or deeper occurred without exception in the nighttime, in 7 of 12 cases be-
tween 2100 and 2400. Transit time, defined as the time between departure
and first dive to 10 m or more (see Gentry and Kooyman 1986) averaged 11.2
h (SD = 11.09, » = 12; 3.8% of average total time at sea). Transit time was
positively correlated with the latency between departure and dusk (» = 0.84,
P < 0.05) for the eight daytime departures recorded. Time between last dive
(to 10 m or more) and arrival ashore was 6.1 h (SD = 9.07,n = 95).

Diving during short trips to sea—Diving occurred infrequently during short
trips to sea. Females dove to 3 m or more on only 42% of all short trips and
on average dove only 1.4 times per trip. Dive frequency on short trips averaged
0.49 dives per hour (SD = 0.44, n = 6 females), one fourth that of the 1.94
dives per hour recorded during foraging trips (trips greater than one day long).
Most of the dives during short trips were shallow, 3 and 4 m deep. Dives 10
m deep or deeper occurred on only five trips, four of which had only one dive
exceeding 10 m. The fifth trip was exceptional and had numerous dives both
deep and shallow, which occurred predominantly from 2040 to 2340. Of the
total 78 short trips recorded, only this trip and one other occurring in the
daytime showed repeated diving.

Locations at Sea

Locations at sea for five females carrying GLTDRs (Fig. 3) show that they
traveled primarily south and west of Alejandro Selkirk Island to locations up



561

FRANCIS ET AL.: FUR SEAL FORAGING

(98°0) (08°0) (€€°0) (LyD 9°L) 8%9) 0799
761 L€ 18°0 819 ¢CI <129 L'10¢ 9 1661 ‘0661
yadop wnwiruiw w-¢ Yarm sisd[euy
(oon (8%°0) (€8°0) (9%°0) (19D 6 9°¢LT) (€29¢)
801 $9°0 137 181 1'99 ¥'9¢ A4S I'p<e 6 [eL,
©11D (LSO &L O $490)] LyD (1o 819 #'06¢)
<01 VL0 17'¢ L1 8'19 8'¢c 1°¢29 yLly 9 1661 ‘0661
&0 L1o) w1 (81°0) (81 1o el 611)
Vil Yo 9I'e 404 LYyL 9'1¢ greee 0¥l ¢ 8861
yadop wnwrurw w-01 Yam sisdfeuy
w 35 1B (urur) (uruw) (w) (w) ()] SIATP S9Tewsy Jeax
JAIp 181G moy uonieInp uonreInp yadap yadap y18us] TeloL, N
01 Juy, /SIAI(T WNWIXEW ued WNWIXEN Ued pI039y

(@S) pue sueaw are pa1uasard sanjep "sa[EWISY [BSS INJ ZOPUPUIS] Uen( JUIL

30§ 301ABY2q SUTAIP JO SonISHIRAEIRYD) € pgPL



562 : MARINE MAMMAL SCIENCE, VOL. 14, NO. 3, 1998

(alparaiso

* Santiago

CHILE

LATITUDE

LONGITUDE

Figare 3. Distribution of locations at sea for five females outfitted with Geographic
Location Time Depth Recorders. AS = Alejandro Selkirk Island and RC = Robinson
Crusoe Island. Circle = 500 km radius around AS.

to 889 km distant. All females were located more than 550 km from the
island (mean = 653 km, SD = 139.3). Distribution of locations varied among
females: females 1-90 and 6-90 traveled to the west and southwest to a max-
imum 594 and 556 km, respectively; females 7-90 and 6-91 to the southwest
667 and 559 km, respectively; and female 10-91 to the southeast 889 km.
Actual progression of daily movements could not be calculated given the im-
precision of the measurements. However, sea-surface temperatures recorded
with the TDRs showed that females 7-90, 6-91, and 10-91 foraged in water
as cold as 14.7°C for two to three days each. At the time of deployment the
14°-15° thermocline was located south of 37°S latitude (Oceanographic
Monthly Summary—NOAA), confirming a southerly movement on the order
of 400 km for these females. Data on successive foraging trips, available for
the two females in 1991, showed a similar distribution of locations at sea
during each trip.

Data from SLTDRs also showed that females traveled far offshore while
foraging. Female 6-92 went 377 km south southeast of the Alejandro Selkirk
Island and returned to within 75 km of it by its 24th day when the SLTDR
stopped producing signals. The SLTDR carried by female 8-92 recorded a
complete 25-d foraging trip 462 km southwest of the island (Fig. 4). Average
maximum distance moved for all SLTDR and GLTDR females combined was
586 km (SD = 162.8, n = 7).

Food Habits

Fish remains were obtained from enemas of 10 of 12 females recaptured.
Lavage was less successful, leading to recovered hard parts in only 3 of 12
females. Myctophids and cephalopods predominated among prey remains iden-
tified through enema, occurring in 48.2% and 37.9%, respectively, of the
samples which contained otoliths or beaks. The myctophids identified were
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Figure 4. Daily average locations and path of travel for two females outfitted with
Satellite-Linked Time Depth Recorders.

Symbolophorus species D, 50% prey occurrence, and Symbolophorus species B,
29% (see McGinnis 1982 for treatment of Symbolophorus species complex);
Myctophum phengodes, 7%; and Lampanychtus sp., 7%. Cephalopod remains in-
cluded Onychoteuthis banksii, 43%; Todarodes filippovae, 28%; and Tremoctopus
violacews, 7%. The remaining prey species identified in the enema samples
were Scomberesox saurus scromboides, 7% and Decapterus pinnulatus, 7%.

Duration of Lactation

During all years of observation, females were observed suckling only pups
of the year. Lactation lasts for at least 7 mo, since many pups at Los Harenes
in June 1991 were observed suckling (M. Ricci, personal communication). In
mid-October of the same year the island was barren of females and pups,
indicating 2 maximum weaning date of 11 mo for this species. This is probably
an overestimate since sealers during the late 18th century reported that seals
traditionally vacated the island by early September (Magee 1795, Delano
1817, Appleton 1947).

Discussion

The foraging cycle of the Juan Ferndndez fur seal is the longest reported
for any otariid. The 11.3 d spent on land with their newborn pups prior to
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Figure 5. Relationship between latitude and parameters of maternal care (perinatal
period, first foraging trip, milk fat content, and duration of maternal care) for thirteen
species of otariids. Data are from Gentry et 2/. (1986) pp. 222, 224 or as follows: 0O—
Galapagos sea lion (Trillmich and Lechner 1986); [ 1-Galapagos fur seal (Trillmich and
Lechner 1986); A—South American fur seal (Ponce de Leon 1984) (Majluf 1987);
A—South African fur seal (Rand 1956); ©—Guadalupe fur seal (Figueroa 1994); ¢ —
California sea lion (Oftedal er 2. 19874), (Heath ez /. 1991); ll—Juan Ferndndez fur
seal: this study; V—Australian sea lion (Higgins and Gass 1993); ¥—New Zealand
fur seal (Goldsworthy 1992); 4 —Steller sea lion (Higgins ez 2/. 1988); O—Antarctic
fur seal; @—subantarctic fur seal (Goldsworthy 1992); @—northern fur seal.

departing on their first foraging trip is half again as long as that found in
most otariids (Fig. 5). Further, the average 10.2 d on the first trip at sea
foraging, 12.2 d at sea for all trips combined, and the 5.3-d visits ashore are
two to four times longer than those found in most fur seals and sea lions.
Only the closely related Guadalupe fur seal (Repenning e /. 1971) approaches
the Juan Ferndndez fur seal in foraging cycle duration (11.5 d at sea, 5.0 d
on land, Figueroa 1994).

The exceptionally long foraging cycles of the Juan Ferndndez fur seal do
not fit the predictions of the latitudinal cline hypothesis proposed by Gentry
et al. (1986). Also contrary to the predicted cline, Juan Ferndndez fur seal
milk is among the richest (about 41% fat) found in eared seals (Francis e a/.
1989; Ochoa-Acuifia 1989; H. Ochoa-Acufia, J. M. Francis, O. Oftedal, un-
published data). Only the length of lactation in this species is intermediate
between tropical and subpolar otariid species as predicted by their temperate
latitude habitat. These findings suggest that while lactation length may be
linked to the differences in seasonality and predictability of food associated
with latitude (Gentry ez 2/. 1986), parameters of foraging cycles and milk
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composition are more likely related to local ecological conditions, irrespective
of latitude.

Visit Duration

The extremely long visits ashore in the Juan Ferndndez fur seals are likely
a product of the long foraging trips discussed in detail below. Interspecific
comparison (Fig. 6) and an intraspecific study of the Antarctic fur seal (Boyd
et al. 1991) show a positive correlation between visit and trip length.

Visit duration may be determined by amount of energy available for transfer
to the pup combined with the capacity of the pup to receive the nutrients.
Experiments on mother-pup pairs in the northern fur seal suggest that the
duration of a shore visit by a female to nurse her pup depends on the amount
of contact with her pup (Gentry and Holt 1986). Pup demand can be expected
to increase with increased fasting associated with long foraging trip duration.
Thus, maximal demand in conjunction with limits in digestive capacity, as
suggested by temporal partitioning of suckling in otariids (Bowen 1991),
could result in extended visits ashore in the Juan Fernindez fur seal. Further,
longer periods at sea as observed in the Juan Fernindez fur seal might result
in greater amounts of energy stored, which require greater transfer time for
the mother and her pup. These conjectures are substantiated by a comparison
of five otariid species showing that mass-specific energy delivered to a pup
during a visit correlates positively with foraging trip length (Costa 1991).

In the case of the Juan Ferndndez fur seal, higher fat content of milk in
addition to longer visits ashore may provide the increased energy necessary to
help sustain pups over the long fasts imposed by long foraging trips. Fat
content of milk has been positively correlated with foraging trip length across
a number of otariids (Trillmich and Lechner 1986), and the data for the Juan
Ferndndez fur seal corroborates this finding.

Foraging Trip Duration

Applying the chief prediction of central place foraging theory (Orians and
Pearson 1979, Stephens and Krebs 1986), as suggested by Gentry ez o/, (1986),
we would expect foraging trip duration (specifically time spent foraging) to
increase as distance to foraging patch increases. Testing this hypothesis requires
data on distance to foraging patches and data that distinguish time spent
traveling from time spent foraging.

Our data, when compared with other otariids, are consistent with this hy-
pothesis. Lactating Juan Ferndndez fur seal females, in addition to having the
longest-duration foraging trips, traveled on average 586 km offshore, the far-
thest for any otariid measured to date. Similar findings for Guadalupe fur seal
females (mean = 444 km) in association with their unusually long foraging
trips (Gallo 1994) further substantiates this relationship. The northern fur
seal, the only other species for which direct measures are available, travels a
maximum 137-406 km offshore during a foraging trip (Loughlin e 2/, 1987,
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Figure 6. Relationship between first foraging trip and visit length in thirteen spe-
cies of otariids. Symbols and references as in Figure 5.

Antonelis ef 2. 1990, Baba ez @l. 1991, Goebel et al. 1991). Other otariids
are estimated to travel a maximum 44-220 km based on foraging trip du-
ration (Gentry er 2. 1986, Kooyman et al. 1986, Antonelis e al. 1990).

Estimates of maximum foraging distance vary in quality depending on type.
Transit times and distance to deep water, while perhaps useful as indicators
of minimum distance to foraging grounds, are misleading indicators of for-
aging range for at least two species. In the northern fur seal (Loughlin ez 2/
1987, Baba ez al. 1991, Goebel ez al. 1991) and the Juan Ferndndez fur seal
(this study), transit times of about 12 h, multiplied by an average swimming
speed of 7 km/h (Loughlin ez a/. 1987, Ponganis e al. 1990) give gross
underestimates of maximum distance traveled. Likewise, distance to continen-
tal shelf margins, while roughly agreeing with distances calculated from transit
times in the northern fur seals at the Pribilof Islands (Gentry e a/. 1986), do
not agree with empirical locations of foraging, which are beyond the shelf (see
Loughlin ez a/. 1987, Goebel et al. 1991, and Baba et 2. 1991). For the Juan
Fernindez fur seal, water more than 1,000 m deep is within 10 km of shore,
yet females travel hundreds of kilometers offshore while foraging.

One can estimate maximum foraging range based on swimming speed and
time spent traveling, as for the Galapagos fur seal and sea lion, the California
sea lion, and Antarctic fur seal (Gentry et /. 1986, Kooyman e al. 1986,
Antonelis e @, 1990). However, correlations cannot be drawn between these
variables because foraging range is calculated from duration. Ideally, to test
hypotheses relating foraging trip duration to distance traveled, more direct
data on foraging location must be obtained from a number of species.
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We must also be cautious in drawing conclusions on foraging range when
instruments can be shown to affect trip duration. In this study, for example,
instrumented females stayed at sea two and three times longer than control
females. If trip duration is related to distance traveled, then non-instrumented
females should have smaller foraging ranges than those measured carrying
instruments.

Is Diving Equivalent To Foraging?

Several lines of evidence suggest that Juan Ferndndez fur seals feed at the
surface, shallower than the 3-m limit used to define a dive in this study. First,
the rate of diving to depths >10 m in this species is ten times lower than
other otariids (Table 4). Since Juan Ferndndez fur seal pups grow at a rate
similar to that of other otariids (H. Ochoa-Acufia e #/., in press) females must
catch more fish per dive, or feed at the surface, in order to provide equivalent
energy to pups, assuming prey quality and other factors are comparable. Sec-
ond, dive frequency increases with shallower depths up to the 3-m minimum,
and 2-m readings not considered as dives in this study are at the highest
frequency of all. Third, prey species consumed by this fur seal, predominantly
squid and myctophids (Ochoa-Acufia and Francis 1995; this study) migrate
to the surface at night (Roper and Young 1975, Pearcy e a/. 1977, Gjosaeter
and Kawaguchi 1980). Fourth, Antarctic fur seals have been observed feeding
with high intensity on surface-swarming krill (Fraser ez a/. 1989), diving to
shallow depths not detectable by TDRs.

These findings emphasize the need for measurements of prey capture to
broaden our understanding of the relationship between foraging and diving.
Such information, especially for surface feeding species, would improve our
assessment of effort during foraging trips and help identify whether shallow
dives are associated with foraging or other behaviors such as traveling.

Further, for the Juan Ferndndez fur seal, prey capture data would clarify
whether foraging occurs during short daytime trips, which at present appear
to be thermoregulatory in function. Short trips at night, of duration similar
to those found in this study, have also been observed in the subantarctic and
Antarctic fur seals (Goldsworthy 1992). Though records for the Juan Ferndn-
dez fur seal show little diving, it is still quite possible that females feed at or
near the surface on these short trips. However, until we can document feeding
activity during these short trips of variable function, we recommend using a
>24-h criterion in defining foraging trips to be conservative and consistent
with the majority of previous studies.

Prey Distribution and Foraging Strategy

Foraging trip duration and visit duration varies inversely with primary pro-
ductivity across otariid species (Figueroa 1994), a correlation further strength-
ened by our data on the Juan Fernindez fur seal. The exact relationship be-
tween low primary productivity and the availability of prey for the Juan Fer-



MARINE MAMMAL SCIENCE, VOL. 14, NO. 3, 1998

568

1661 77 12 phog L'8 €60 0¢ vyppzrs 'y
wodas sy 6’1 ¢80 1 1ddagrqd smppgdarsy
yadap wnwuiw w-¢ e sisfeuy
9861 Yorw[H], pue uewkooyy 08 09 0> 981 L wavgafpom 7 7
6861 77 17 dwexppg '8 66 12 132 29 snuviusoftps snuviusofprs sngdorz
9861 77 12 A1Uan <1 9/ a4 102 89 SHUISATL SHULGAO[]P )
9861 41usn pue uewAooy] Lz <L e %0 1§72 snippsnd 'y
9861 77 12 YW, 1974 €< ¥4 0L1 ¢y syvusny 'y
9861 YoIW[[H, pue uewAooyy 9°¢ Y 0> 98 9z s15ua05rdrprs 'y
9861 77 # uewhooy] ye 6Y 0> 101 0¢ vipzes "y
1oda1 sy 90 L€ 81 ¥6 9z 1uddiyiqd smppgdaropay
yadop wnwutw w-Q1 38 SisA[euy
32IN08§ oy (urw) (urur) (ur) (w) saradg
/SSAK]  UOIleINp  UOWEINp yadap yadap
wow U ~— WNWIXE — UBIN
“IXeN

‘saroads prizero 1yS1a 10J J01ABY3q FUTAIP JO SIMISIIAIIEIRYD

‘v 971



FRANCIS ET AL.: FUR SEAL FORAGING 569

ndndez fur seals is unknown. There is little information on the distribution
of myctophids (Gjosaeter and Kawaguchi 1980) or cephalopods in southeast-
ern Pacific waters, but what is available suggests that the prey species of the
Juan Ferndndez fur seal are abundant though patchily distributed. Craddock
and Mead (1970) provide data on the abundance of midwater fishes in a
transect extending 2,000 km from the Chilean coast westward across the Juan
Ferndndez Islands. They found the most abundant species in all samples to be
myctophids, representing 88.3% of all fish encountered above 500 m. In all,
22 species of lanternfishes were encountered, of which the most frequently
captured in surface tows were the principal prey species of the Juan Fernindez
tur seal, Symbolophorus boops and Myctophum phengodes. Lanternfish of these two
genera are known to concentrate in the uppermost 10 m or less of the ocean
at sunset and return to the upper mesopelagic zone below 200 m at dawn
(Gjosaeter and Kawaguchi 1980).

Horizontal distributions of Myctophum and Symbolophorus were patchy, like
many of the lanternfish sampled around the Juan Fernindez Islands. Surface
tows captured from O to 100 individuals of these two species depending on
the sample longitude.

We are unable to locate similar data for squid distribution around the Juan
Ferndndez Islands. The distribution of squid in this region may, to some
extent, follow that of myctophids, since squid feed on mesopelagic fish (Oki-
yama 1965, Zuev and Nesis 1974). Squid are found with mesopelagic fish in
mixed species aggregations at the surface, and some squid have been caught
containing as many as 60 lanternfish otoliths (R. McGinnis, personal com-
munication).

The myctophid otoliths collected in our study were too large relative to the
beaks collected to have been acquired secondarily through predation on squid
(H. Ochoa-Acufia and J. Francis, unpublished data). Juan Ferndndez fur seals
may be exploiting large myctophids and small squid brought together in these
interspecific aggregations, the distribution and abundance of which may dic-
tate foraging patterns observed.

Interannual Variability

The Juan Ferndndez fur seals had significantly longer trips to sea in 1990
than in 1988 or 1991. It is also noteworthy that the lengthening of foraging
trips associated with instrument deployment was greatest in 1990 as compared
to the other two years. The more pronounced instrument effect, as well as
longer foraging trips for control females, may have resulted from reduced food
availability as has been shown to occur in a number of seal species (Trillmich
and Ono 1991). Though we have no direct measurements of prey availability
around Alejandro Selkirk Island during our study, we did observe a significant
shift in the diet toward squid in 1990, as compared to the other years between
1987 and 1991 (Ochoa-Acufia and Francis 1995). In conjunction, late summer
(January, February) average sea surface temperatures at Alejandro Selkirk Island
were 1.0°~1.5° higher than usual in 1988 and 1989 (Anonymous 1989, 1990).
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This may have reduced recruitment of myctophids in the following year, as
apparently occurred in the Galapagos Islands in 1984 following the strongest
El Nifio in recorded history (Trillmich and Dellinger 1991).

Conclusion

This study of the Juan Ferndndez fur seal reveals the ability for females to
acquire resources over long trips to sea while their pups fast, remarkably, for
up to three weeks. Future studies of the Juan Ferndndez fur seal should address,
in addition to the previously discussed questions about prey distribution and
foraging effort, the ability of the female to store energy resources and at the
same time to retain the capacity to lactate over long periods without suckling.
Prey capture measurements should be used to determine the relationship of
foraging to diving behavior. Finally, studies of milk intake (H. Ochoa-Acuiia,
J. Francis, and O. Oftedal, in preparation) and growth in pups (H. Ochoa-
Acufia et /., in press) should address how they respond to the record-length
fasts presented by their mothers” protracted foraging cycles.
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