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ABSTRACT: O ur aim  w as to exam ine the foraging 
behav io r of no rthern  e lephan t seals M irounga  
angustirostris  du ring  the 1997-98 El N iño and  
com pare it to foraging in  o thers years. G iven their 
d eep  diving and  spatial distribution, their im m edi­
ate  response  to a  severe  El Niño w as ex p ec ted  to 
g ive insigh t into the tim ing, scale and  m agnitude 
of El Niño S outhern  O scillation im pacts on a  large 
m arine predator. T im e-depth  records and Argos- 
linked  satellite  tracks w ere  ob ta ined  from adult 
fem ales d ep artin g  on p ost-b reed ing  foraging m i­
g rations from  1990 to 1999, including  fem ales for­
ag ing  du rin g  th e  1998 El Niño. Rates of m ass gain  
and  trip  duration  w ere  reco rded  for fem ales from 
1983 to 1999. M ovem ent tracks of fem ales in 1998 
w ere  sim ilar to those observed  in  non-El Niño 
years. Rate of m ass g a in  at sea  w as 0.29 ± 0.36 kg  
d_1 in 1998, th e  low est m easu red  since 1983. 
M arked  declines in the  m ass g a in  ra te  of fem ales 
w ere  no ted  in  severe  El Niño years, b u t not in 
m odera te  El Niño years. Fem ales increase  spring 
forag ing  trip  dura tion  to com pensate  for decreases  
in  forag ing  success. In 1998, the frequency  d is­
tribu tion  and  tem poral p a tte rn  of dive shapes 
su g g ested  red u ced  residence  tim e in prey  p atches 
an d  increased  travel tim e be tw een  p atches and  
these  param eters show ed a  strong  relationship  
w ith  ra tes of m ass gain. O ur da ta  confirm  that 
the  im m ediate ecological im pact of th e  1997-98 El 
Niño w as not lim ited to the near-shore  coastal 
m argin , b u t ex ten d ed  far out into the  N orth Pacific 
O cean.
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Northern elephant seal females exhibited dramatic changes in 
foraging behavior during the 1998 El Niño, including reduced 
foraging success and residence time in prey patches.

Photo b y  D aniel P. Costa

IN TRO DU CTIO N

El Niño is a periodic, meteorological and oceano­
graphic phenom enon that occurs in the eastern  tropi­
cal Pacific O cean in association w ith atm ospheric 
forcing know n as the Southern Oscillation. The El 
Niño Southern Oscillation (ENSO) affects both the 
Pacific m arine environm ent and terrestrial systems 
worldwide, m aking it one of the strongest natural 
disturbances of ecosystems. The 1997-98 El Niño was, 
by some m easures, the strongest of the 20th century 
(Kerr 1998, M cPhadden 1999, Enfield 2001). The w ide­
spread  biological impacts of El Niño events are not 
well understood. Dramatic impacts on reproductive
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param eters of seabirds and fisheries stocks have been 
described for previous ENSO events (Barber & Chavez 
1983, 1986, Schreiber & Schreiber 1984), as well as 
dram atic large-scale changes in the distribution of 
some species (Arntz et al. 1991, Raskoff 2001). Major 
changes in structure and productivity of the North 
Pacific sub-tropical gyre have been  attributed to ENSO 
events (Karl et al. 1995). Although studies of ENSO 
impacts have tended  to focus on low latitude effects or 
effects w ithin coastal upwelling zones (e.g. Brodeur & 
Percy 1992), significant tim e-lagged ecological changes 
at higher latitudes (Heywood et al. 1985, Brinton et al. 
1987) and concurrent impacts on w ide-ranging pelagic 
predators (e.g. Le Boeuf & Reiter 1991) suggest that the 
ecological effects of ENSO extend far beyond the trop­
ical ocean. We exam ined the foraging behavior of one 
such predator, the northern elephant seal Mirounga  
angustirostris, to see if foraging behavior and success 
varied w ith ENSO conditions and to give insight into 
the m echanism s underlying any apparent foraging 
difficulties.

The 1982-83 El Niño had  a severe impact on some 
Pacific coast pinnipeds (Trillmich & Ono 1991). In 
northern elephant seals, the following effects sug­
gested  that they had foraging difficulties: increased 
foraging trip duration in females, reduced survivorship 
of pups born in 1983 to Ages 2, 3 and 4 yr, low repro­
ductive success of the 1983 cohort as m easured by 
females prim iparous at Age 3 and 4 yr, and reduced 
survival of breeding males from 1983 to 1984 (Le Boeuf 
& Reiter 1991). Subsequent investigations revealed 
that female northern elephant seals are w ide-ranging 
pelagic predators, foraging at great depths (Le Boeuf et 
al. 2000). During the 2 to 3 mo foraging period follow­
ing lactation, females range across a w ide area of the 
northeastern  Pacific— from 38 to 58° N, and from near 
the coast of the continent at 125° W to as far w est as 
173° E — diving nearly continuously to m ean depths in 
the range of 400 to 700 m. Adult female elephant seals 
feed predom inantly on cephalopod prey that inhabits 
epi-, meso-, or bathypelagic oceanic zones (Antonelis 
et al. 1987, 1994). Given their deep diving pattern, 
w ide spatial distribution and long foraging periods, we 
would expect El Niño events to have lesser impacts on 
female northern elephant seals than on coastal p in ­
nipeds. Furtherm ore, w e would expect impacts based 
on El Niño associated reductions in productivity to be 
time lagged for apex predators, w ith the duration of 
the lag increasing w ith trophic level (Watters et al. 
2003). An im m ediate response to a severe El Niño 
should provide im portant clues on the tem poral and 
spatial scales on w hich ecological effects occur, the 
impact of rapid ecosystem change on a large marine 
predator, and behavioral responses to potential reduc­
tions in prey availability.

MATERIALS AND METHODS

Subjects and instruments. Tim e-depth recorders 
(Mk 3 TDR, Wildlife Computers) w ere deployed on 35 
adult females, 6 to 8 yr of age, at Año Nuevo, Califor­
nia, just prior to their departure after breeding in 1990, 
1991, 1995, 1996, 1998 and 1999. The seals w ere im ­
mobilized with a mixture of teletam ine hydrochloride/ 
zolazepam  hydrochloride (1 mg kg-1; Telazol) adm inis­
tered  intram uscularly by hand injection. Subsequent 
injections of ketam ine hydrochloride w ere adm inis­
tered  by syringe intravenously w hen necessary (Briggs 
et al. 1975). Dive recorders w ere attached to the pelage 
on the dorsal midline above the shoulders (Le Boeuf et 
al. 1988) w ith a stainless steel hose-clam p and nylon 
netting attached to the back of the head  with marine 
epoxy (Evercoast Ten-set, Fibre-Evercoat). Dive re ­
corders w ere program m ed to sample depth  every 30 s. 
In 1996, 1998 and 1999, instrum ents also sampled 
w ater tem perature concurrently w ith depth. Water 
tem perature sensors had  a tim e-lag of -30 s and tem ­
perature  data  w ere offset by 30 s to account for this 
time lag (Boehleri et al. 2001). Half-watt ST-6 satellite 
platform transm itter term inals or PPTs (Telonics, Mesa, 
AZ) w ere deployed on 6 to 8 yr old females in 1995, 
1996, 1998 and 1999. PTTs m easuring 6.5 x 13.7 x 
4.5 cm and w eighing 458 g w ere attached to the back 
of the head using m arine epoxy and nylon m esh (Le 
Bouef et al. 2000). The PTTs transm itted every 34 s. 
The females w ere rolled into a nylon tarpaulin and 
w eighed with a 1000 ± 1 kg tension dynam om eter 
m ounted on an aluminum tripod. Blubber thickness 
w as determ ined with an ultrasound scanner (Scano- 
probe, Ithaca) and standard length and axillary girth 
w ere m easured with flexible tape. Dorsal, lateral, and 
ventral b lubber thickness, length and girth w ere m ea­
sured at 6 locations along the seal's long axis. Based on 
these m easurem ents, body composition was estim ated 
for each female using the truncated cones m ethod 
(Gales & Burton 1987, Webb at al. 1998, Le Boeuf et al. 
2000, Crocker et al. 2001). W hen the seals re turned  to 
the rookery the instrum ents w ere removed, leaving the 
epoxy mounts to fall off during the annual molt, and 
female w eights and m easures w ere taken  once more.

Diving behavior of females from 1990 to 1996 and 
satellite tracks from 1995 and 1996 have been sum m a­
rized in other investigations (Le Boeuf et al. 1993, 1996, 
2000, Crocker et al. 1997). Trip duration and rates of 
mass gain w ere com pared with data from females that 
carried instrum ents on spring foraging migrations in 
1983 to 1996 and in 1999 (n = 64) (Le Boeuf & Reiter 
1991, Le Boeuf et al. 1996, 2000, our study).

For statistical comparisons, each year was classified 
as either a 'no', 'w eak ' or 'strong' El Niño year based 
on an index derived from observed sea surface tern-
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perature (SST) anomalies. The index used was from 
the Jap an  M eteorological Agency (JMA) (ftp://w w w . 
coaps.fsu.edu/pub/JM A_SST_Index). The index is a
5 mo running m ean of spatially averaged SST 
anomalies from the tropical Pacific: 4° S to 4° N, 
150° W to 90° W. The peak index value from October 
through Decem ber prior to the spring foraging m igra­
tion was used. The year was classified as 'no El Niño' if 
the index value was less than 1.0°, as a 'w eak El Niño' 
if the index was betw een 1.0° and 2.0°, and as a 'strong 
El Niño' if the index was g reater than 2.0°. Strong 
El Niño years included 1983 and 1998. W eak El Niño 
years included 1987, 1988 and 1992. No El Niño years 
included 1984 to 1986, 1989 to 1991 and 1993 to 1997.

Movement analysis. All Argos location qualities 
except class Z w ere included in the analysis. Locations 
w ere filtered to exclude positions yielding unreason­
able transit speeds of over 3.0 m s-1 betw een locations. 
G reat-circle distances betw een  locations w ere calcu­
lated w ith spherical trigonometry (Congleton 1980). 
Foraging trip duration was the time elapsed from a 
seal's departure  to its return  to land, as determ ined 
from the TDR data. M aximum track distance was cal­
culated as the great circle distance betw een the far­
thest track point and Año Nuevo. A daily transit speed 
was calculated using the location with the highest 
Argos-assigned quality from each day, based on the 
great-circle distance betw een the daily locations and 
the time elapsed. W hen there was more than 1 location 
of equal quality, the location w ith the greatest time 
separation from the previous daily location was used.

Diving behavior. M ean depth, duration, surface 
interval, and the percent of time spent diving w ere cal­
culated for each diving record. Dives w ere classified 
by visual inspection according to their shapes as 
described in Le Boeuf et al. (1992, 1993, 1996, 2000). 
Type A dives are V-shaped dives w ith no distinct bot­
tom time, and are assum ed to represent transit or 
traveling dives. Type C dives, w ith a descending drift 
segm ent characterized by a dram atic reduction in 
descent rate, are potentially associated w ith food pro­
cessing (Crocker et al. 1997). Type D dives w ith a dis­
tinct bottom time characterized by multiple vertical 
excursions are assum ed to represent pelagic foraging. 
Type E dives with flat bottoms may represent either 
bathym etrically constrained traveling along the ocean 
bottom, or continental shelf or benthic foraging. The 
proportions of these dive types exhibited w ere calcu­
lated for all females.

Bout lengths w ere calculated for presum ed transit 
and foraging dives. A 'bout criteria' or the minimum 
state duration required  to interrupt a bout of behavior 
was determ ined using log-survivorship analysis (Slater
6  Lester 1982) for each seal, and was similar to 2 times 
the m ean dive duration for each dive type by each

female. Four out of the 30 females analyzed in this 
fashion did not yield distinct inflection points on log 
survivorship plots. For these 4 females, bout criteria of 
2 times the m ean dive duration of that dive type w ere 
used. A m ean bout duration for foraging and transit 
dives was calculated for each female. M ean travel time 
betw een prey patches was estim ated as the m ean bout 
length of transit dives. M ean prey patch residence time 
w as estim ated as the m ean bout length of foraging 
dives.

Natality impacts. Natality was estim ated based on 
the num ber of tagged  individual females sighted d u r­
ing the breeding season that gave birth to pups. Daily 
censuses of all Año Nuevo harem s w ere m ade during 
the breeding seasons in 1986 to 1999 and known 
females w ere recorded. A female was considered to 
have skipped breeding if she w as never observed to 
nurse a pup during her time on shore.

Analysis. Statistics w ere perform ed using SAS v.8 
w ith a significance level of p < 0.05. Variables w ere 
transform ed as necessary to m eet the assumptions of 
param etric statistics. M eans are p resen ted  as ±1 SD.

RESULTS

Complete satellite tracks w ere obtained for 6 out of 9 
females tracked in 1998; 2 tags w orked intermittently, 
and 1 female's tag failed after 2 wk. This female did not 
re tu rn  to Año Nuevo. Complete tim e-depth records 
w ere obtained for 7 of the females. Mass gain, trip 
duration, and changes in body composition m easure­
m ents over the period at sea w ere obtained from 8 
females.

Foraging success and trip duration

Sample sizes, rates of mass gain and trip durations 
for the different El Niño are shown in Table 1. Rates 
of mass gain in 1998 w ere the lowest ever m easured 
(0.29 ± 0.36 kg d_1), w ith one female losing mass at a 
rate of 0.44 kg d-1. Rates of mass gain varied signifi­
cantly betw een El Niño class (ANOVA F2 60 = 21.3, 
p < 0.01), being lower during a strong El Niño (Tukey's 
HSD, p < 0.05). Rates of mass gain w ere not signifi­
cantly different betw een w eak and no El Niño years 
(p > 0.05). Foraging trip durations w ere significantly 
g reater during strong El Niño years (Tukey's HSD, p < 
0.05) and shorter during w eak El Niño years (ANOVA, 
F2l6o = 17.6, p < 0.001; Tukey's HSD, p < 0.05). W hen 
individual data was pooled from all years, foraging trip 
duration was significantly negatively correlated with 
rate of mass gain during the trip (r = -0.54, n = 61, p < 
0.01). W hen m ean annual values w ere plotted, trip
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Table 1. Mirounga angustirostris. M ean (±SD) foraging success, trip duration, diving behavior, and transit rates during spring forag­
ing trips of female seals. El Niño strength was classified based on the Japan  Meteorological Agency sea surface tem perature anomaly 
index. Strong El Niño: 1983 and 1998; w eak  El Niño: 1987, 1988 and 1992; no El Niño: 1984 to 1986, 1989 to 1991 and 1993 to 1997

Mass gain Adipose Trip Type D Type A Type C Daily
(kg d -1) tissue duration dives dives dives transit rate

(% ) (d) (%) (%) (%) (m s_1)

Strong El Niño 0.32 ± 0.30 24.2 ± 2.4 99.7 ± 16.9 39.3 ± 15.0 51.1± 15.9 4.1 ± 0.9 0.65 ± 0.11
(n = 12) (n = 8) (n = 12) (n = 7) (n = 7) (n = 7) (n = 6)

W eak El Niño 1.03 ± 0.25 
(n = 8)

n /a 70.1 ± 8.5 
(n = 8)

n /a n /a n /a n /a

No El Niño 0.94 ± 0.31 28.4 ± 2.8 80.2 ± 10.8 59.4 ± 7.3 27.2 ± 6.7 7.2 ± 1.2 0.71 ± 0.23
(n = 43) (n = 34) (n = 43) (n = 23) (n = 23) (n = 23) (n = 21)
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Fig. 1. Mirounga angustirostris. M ean annual rates of mass 
gain and spring foraging trip duration in  fem ale seals from 
Año Nuevo. Error bars: 1 SD; • : rates of mass gain; O: foraging 

trip duration; annual sam ple sizes in bold

duration appeared  to closely track rates of mass gain 
(Fig. 1), and the m ean annual values of these variables 
w ere significantly correlated (r = -0.92, n = 13, p < 
0.01). The one strong exception to this pattern  was the 
1998 female ('Sto') that was losing mass. This female 
hauled out after 64 d, one of the shorter foraging trips 
exhibited in any year.

During 1998, females re turned  with lower average 
adipose tissue proportions than in other years (Table 1). 
M ean body composition of returning females (24.2 ± 
2.4%  adipose tissue, n = 8) was significantly lower 
that that of females in other years (28.4 ± 2.8 % adipose 
tissue, n = 34) (f = 4.25, df = 40, p < 0.01).

Location, movement, and behavior

V

150"W 145“ 140“ 135" 130“ 125* 120*
Fig. 2. M irounga angustirostris. Satellite tracks of foraging 
migrations of fem ale seals from Año Nuevo, California during 
spring 1998. Track lines w ere draw n by connecting all ac­
cepted locations; locations w ere filtered using a maximum 

transit speed of 3.0 m  s-1

Satellite tracks of females in 1998 (Fig. 2) revealed 
typical w ide coverage of the northeast Pacific Ocean. 
M ean maximum distance traveled was not signifi­
cantly different in 1998 (1841 ± 827 km) than in data 
pooled from 1995 to 1996 and 1999 (2270 ± 603 km;
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Fig. 3. M irounga angustirostris. Relationship of m ean  daily 
transit rates to mass gain. Daily transit rates w ere calculated 
based  on the highest A rgos-assigned quality daily location. 
•  : fem ales foraging in non-El Niño years (r = -0.77, p  < 0.01); 

O: fem ales foraging in spring 1998 (r = 0.77, p  < 0.01)
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t = -1.28, df = 17, p > 0.05). M ean daily transit rates 
w ere similar in 1998 (0.65 ± 0.110 m s-1) to other years 
(0.71 ± 0.23 m s_1, t=  0.685, df =25, p > 0.05). The re la ­
tionship betw een m ean daily transit rates and rates of 
mass gain is shown in Fig. 3. In non-El Niño years 
there w as a strong negative correlation betw een  rates 
of transit and mass gain (r = -0.77, n = 21, p < 0.01). A 
different relationship was observed in 1998. During 
El Niño there was a trend  toward positive corre­
lation betw een transit rates and rates of mass gain that 
was marginally statistically significant (r = 0.77, n = 6, 
p  = 0.07).

M ean diving depth, duration, and surface intervals 
w ere not significantly different in 1998 com pared to 
other years. Presumed foraging (Type D) dives exhibited 
the strong diel pattern  in 1998 females that w as evident 
in females from other years (Fig. 4) (Le Boeuf et al. 1996) 
w ith the exception of 2 females ('Rai' and 'Sun'), who for 
part of their records spent significant parts of the day for­
aging higher in the w ater column than is typical. There 
w as no obvious geographical variable correlated to this 
behavior, w ith one female foraging close to the coast 
(126° W, 'Rai') and another foraging much farther out 
in the pelagic environm ent (143° W, 'Sun').
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Fig. 4. M irounga angustirostris. Diel patterns 
of maximum depth  of foraging dives (Type D) 
in  fem ales during spring 1998 foraging trips. 
'Rai' and 'Sem' exhibited unusually shallow 
m idday feeding. Note comparative scarcity of 
foraging dives in  'Wav' and 'Sto'; 'Sto' was in 

negative energy balance
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The proportions of dive types in the diving records of 
females in 1998 and non-El Niño years are shown in 
Table 1. Females exhibited significantly g reater p ro­
portions of presum ed transit (Type A) dives in 1998 
(M ann-W hitney rank sum test, T  = 185.0, n = 7.23, p < 
0.01) and significantly lesser proportions of foraging 
dives (Type D) (t = 4.9, df = 28, p < 0.01). On average 
there was an 88% increase in the num ber of transit 
dives and a 34 % reduction in foraging dives during 
1998. The proportion of drift dives (Type C) was signif­
icantly lower during 1998 in comparison to non- 
El Niño years (M ann-W hitney Rank sum test, T  = 28.0, 
n = 7.23, p < 0.01), on average a 43 % reduction. W hen 
data from all years was pooled there was a significant 
positive correlation betw een the proportion of foraging 
dives and rate of mass gain (n = 28, r = 0.71, p < 0.01).

The tem poral patterning of dive types into bouts was 
significantly different during El Niño. Travel times 
betw een prey patches w ere significantly g reater in 
1998 (175 ± 29 min) than  in other years (115 ± 23 min) 
(M ann-W hitney rank sum test, T  = 146.5, n = 7.19, p < 
0.01). Patch residence time was significantly less in 
1998 (145 ± 30 min) than during non-El Niño years 
(212 ± 33) (f = 4.1, df = 24, p < 0.01). There was a signif­
icant positive relationship betw een patch residence 
time and travel time in non-El Niño years (patch resi­
dence time = 82 + l.l(trav e l time), F12e = 32.7, r2 = 0.69, 
p < 0.01) (Fig. 5). This relationship was not present in
1998. In order to com pare these variables w ith a m ea­
sure of foraging success, a ratio of patch residence time 
to travel time was calculated for each female and com ­
pared  to rates of mass gain. The ratio of m ean patch
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Fig. 5. Mirounga angustirostris. Relationship of behaviorally 
estim ated patch  residence tim e to travel time betw een 
patches during spring foraging trips. Each data point rep re ­
sents m ean  value (±SE) for a fem ale's entire foraging trip. 
Bout criteria w ere determ ined using log-survivorship analy­
sis. Patch residence w as calculated as the m ean bout duration 
of Type D dives. Travel tim e was calculated as the m ean  bout 
duration of Type A dives. • : fem ales foraging in non-El Niño 

years; O: fem ales foraging during 1998
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positive energy balance

residence time to m ean travel time in non-El Niño 
years was 2.0 ± 0.2 (range: 1.5 to 2.4). During 1998, the 
ratio of these m eans was significantly lower than in 
non-El Niño years (1.0 ± 0.4; t = 7.7, df = 22, p < 0.01). 
This metric was a significant predictor of rates of mass 
gain in foraging females (r2 = 0.66, p < 0.01) (Fig. 6).

W ater tem p eratu re

M ean SST was calculated from each fem ale's diving 
record and com pared to data  from females in 1996 and
1999. The relationship betw een m ean SST and rates of 
mass gain is shown in Fig. 7. Increased foraging suc-
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Fig. 7. M irounga angustirostris. M ean sea surface tem perature 
(SST) for entire foraging record m easured  using TDRs plotted 
against rates of mass gain. ▲: fem ales from non-El Niño years; 
O: fem ales from 1998 w ith rates of mass gain w ithin 2 SD 
of m ean  from all non-El Niño years; • : fem ales w ith rates of 
mass gain less than 2 SD below m ean from all non-El Niño years
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cess was associated w ith colder surface w ater tem per­
atures. Among the 1998 records, females that had 
'norm al' rates of mass gain while foraging, defined as 
w ithin 2 standard deviations of the non-El Niño mean, 
foraged in areas with significantly cooler surface 
w aters (9.2°C) than  females w ith lower than normal 
rates of mass gain (12.5°C; t=  6.6, df = 5, p < 0.01).

Natality impacts

Natality during the 1999 breeding season (following 
El Niño) was 87%, the lowest ever recorded at the 
colony. Natality from 1986-1998 averaged 96.5 ± 0.6%.

DISCUSSION

These data dem onstrate strong impacts of the 
1997-98 El Niño event on the foraging behavior of 
female northern elephant seals. Foraging was evi­
dently more difficult as reflected in dram atically lower 
rates of mass gain. Our data confirmed that the im m e­
diate ecological impact of the 1997-98 El Niño was not 
limited to the nearshore coastal margin, but extended 
far out into the North Pacific Ocean. Females spent 
longer amounts of time finding prey patches and 
exhibited reduced times using those patches. These 
changes resulted in m arkedly reduced foraging suc­
cess com pared to typical years, a result consistent with 
observations during the strong 1982-83 El Niño. This 
resulted in both significantly lower rates of mass gain, 
as well as significantly lower adipose tissue propor­
tions at the end  of the spring foraging trip. Reductions 
in foraging success w ere not evident during w eak El 
Niño events.

The ecological m echanisms underlying foraging dif­
ficulties in 1998 are less clear. Elephant seals feed at 
great depths far from the coastal upwelling processes 
most closely associated w ith ENSO impacts. Foraging 
difficulties could have resulted from a num ber of 
changes including reductions in prey abundance, 
alterations in prey distribution or patch characteristics, 
and/or alterations in the cues used by the seals to 
locate prey. Although these same factors have been 
suggested to underlie foraging difficulties associated 
w ith coastal upwelling regim es (Trillmich & Ono 1991), 
our data suggests that some or all of these alterations 
extended into the northeast Pacific.

N orthern elephant seals feed primarily on meso- 
pelagic squid, elasm obrachs, and myctophid fish 
(Antonelis et al. 1987). As foraging difficulties in the 
present study did not appear to be associated w ith for­
aging location, explanations based  on reduced prey 
availability would imply reductions in squid abun­

dance throughout the northeast Pacific Ocean. Con­
current investigations and those during previous 
ENSO events have revealed effects on species abun­
dance, diversity and range that varied w ith species and 
location. Recent investigations have shown that vari­
ability in recruitm ent of several squid species is at least 
partially explained by environm ental variability and 
may be linked to the ENSO cycle (Rodhouse 2001). 
The 1987 El Niño was associated w ith an extraordinary 
abundance of cephalopod paralarvae in the eastern  
tropical Pacific, coincident w ith the 29° surface iso­
therm  (Vecchione 1999). As adult female elephant 
seals are thought to predom inantly eat larger adult 
individuals of cephalopods, there was probably not 
sufficient lag time for potential El Niño effects on 
recruitm ent to have im pacted abundance of these prey 
in the areas used by the females.

Simulations of biomass trajectories from bottom-up 
pulses from ENSO cycles have suggested significant 
lag times as effects move up trophic levels and that 
pelagic m arine mammals should be minimally affected 
(Watters et al. 2003). However, the conditions associ­
ated  w ith the onset of the El Niño event may have also 
had effects. For example, the grow th and feeding of 
salmon preying on squid in the Subarctic C urrent were 
affected during the spring and summer of 1997 (Kaeri- 
yam a et al. 2000). The unusual pattern  of feeding 
higher in the w ater column during midday, as seen in 2 
female elephant seals, suggests that they might have 
used alternative prey resources com pared to typical 
females. This lack of a typical diel pattern  of foraging 
depth  had  not been  seen in any adult female in previ­
ous or subsequent investigations (e.g. Le Bouef at al. 
1993, 2000).

Alternatively, the oceanographic features that help to 
create prey patches may be altered during El Niño 
events. M arine predators may rely on oceanographic 
features, such as frontal systems, therm ocline depth, 
and bathym etry to concentrate or aggregate prey 
(Hui 1979, 1985, Schneider 1982, Springer & Roseneau 
1985, Haney 1986, 1991, Winn et al. 1986, Ainley & 
DeM aster 1990, Reilly 1990, Boyd & Arnbom 1991, 
Hunt et al. 1992, van Franeker 1992, W hitehead et 
al. 1992, Elphick & Hunt 1993, Kenney et al. 1995, 
M ehlum  et al. 1996, Hunt 1997). These aggregations 
may be essential to enable energy efficient foraging 
strategies in the oceanic environm ent. As sea surface 
tem perature and the position of frontal systems change 
as a result of El Niño effects in the North Pacific Ocean, 
the oceanographic features that help to determ ine prey 
patch characteristics may be altered w ith resulting im ­
pacts on foraging economics. A previous investigation 
on seabirds found that forage resource availability fluc­
tuated  daily in association with fine scale variation in 
SST during El Niño (Peck et al. 2004). The migration
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tracks of the 2 female elephant seals w ith the greatest 
foraging success ('Wav' and 'Sun') covered areas asso­
ciated w ith the m eandering transition zone chlorophyll 
front (TZCF). This feature exhibited unusual latitudinal 
movem ent during the 1997-98 El Niño, w hich was 
hypothesized to have created  regions of convergence 
which may have improved foraging habitat for apex 
predators working the front (Polivina et al. 2001). These 
'successful' females also foraged in the coldest average 
surface w aters of any of the El Niño females.

In addition, the cues that m arine predators use to 
find prey patches may be altered. Preliminary analysis 
suggests that female foraging locations may be associ­
ated w ith therm al discontinuities (D. Crocker & D. 
Costa unpubl. data). Elephant seals exhibit high rates 
of turning or movem ent along high tem perature grad i­
ents (Boehlert et al. 2001). Alterations in SST and the 
depressed therm ocline associated w ith El Niño may 
reduce predator ability to locate prey patches, inde­
pendent of prey abundance. This last idea is supported 
by both the lack of increased foraging range and 
strong positive relationship of foraging success to tran ­
sit rates evident in 1998. Given the trem endous m igra­
tion ability evident in this species, it is puzzling that the 
least successful females, including one that was in 
negative energy balance, would not attem pt to extend 
their foraging range and instead continue to forage in 
an unsuccessful area. Previous investigations on forag­
ing site fidelity in females have suggested a fidelity to 
initial m igration direction, followed by variability, p re ­
sumably in response to ephem eral oceanographic con­
ditions and prey locations ( Le Boeuf et al. 2000). One 
possibility is that females w ere responding to inappro­
priate oceanographic cues while searching for prey.

Female elephant seals appear to com pensate for 
reduced foraging success by increasing time spent at 
sea. For example, by far the longest post-breeding trips 
to sea occurred in the 2 severe El Niño years, 1983 and 
1998. From this perspective, El Niño event duration is 
probably as im portant as event intensity in determ in­
ing impacts on subsequent reproduction. Females 
have an additional 8 mo foraging period from June to 
Decem ber to complete their recovery from the previ­
ous year's breeding. The duration of this second forag­
ing trip is most likely limited by gestational progress. 
By increasing the duration of the pre-im plantation for­
aging trip, females can insure that they have regained 
sufficient resources before beginning gestation. Since 
most females foraging during El Niño w ere still ga in ­
ing mass at a reduced level this event would be an 
unlikely cause of mortality.

The issue is w hat impacts this period of reduced re ­
source recovery has on subsequent breeding attempts. 
Previous investigations have shown strong effects of 
m aternal mass and body composition on subsequent

reproductive investm ent (Crocker et al. 2001). All of 
the recovered females that w ere in positive energy 
balance w ere observed to breed  successfully in 1999. 
The female in negative energy balance was not seen 
again after the molt and was presum ed to have 
skipped breeding. Natality rates have been  extrem ely 
high and invariant at the Año Nuevo rookery (94 to 
97 %) (Le Bouef & Reiter 1991). The reduction in n a ta l­
ity rate in 1999 is likely a response to extrem e foraging 
difficulties am ong 7 to 10% of the breeding age 
females. Similarly, the m ean w eaning w eight of pups 
born in 1999 w as the lowest ever recorded after a 20 yr 
decline in m ean annual w eaning weights (Le Boeuf & 
Crocker 2005). Although this reduction in natality 
probably does not itself have im portant dem ographic 
consequences, it likely contributed to the reduction in 
reproductive success associated w ith decreased ju v e­
nile survival evident during the 1982-83 El Niño. This 
natality impact w as not evident at Año Nuevo during 
the breeding season following the 1983 El Niño (Le 
Boeuf & Reiter 1991), but was observed at the nearby 
South Farallón Islands rookery (Huber et al. 1991). The 
most likely age classes to be effected by reduced forag­
ing success are smaller, younger females, particularly 
those attem pting to breed  for the first time. The 
increase in age of first reproduction exhibited during 
the 1982-83 El Niño (Le Boeuf & Reiter 1991) may 
have resulted from foraging difficulties like those 
described in the present study.

The ability to increase time spent foraging in 
response to reduced rates of success is one com ponent 
of a foraging strategy that utilizes dispersed, patchy 
food resources over a large spatial and tem poral scale. 
This protracted foraging period is a key com ponent 
of a life history strategy that minimizes the period of 
parental care and allows long-term  accrual of breeding 
resources. This pattern  may serve to buffer these 
predators from short-term  changes in prey availability 
and prevent the large scale reproductive failures seen 
in other species of coastal pinnipeds and seabirds 
during strong El Niño events. However, effects like 
reduced natality, increased age of first reproduction, 
and reduced juvenile survival may have cumulative 
effects on cohort reproductive success that have dem o­
graphic consequences. Persistence in warm  SST, asso­
ciated in part w ith the frequency of strong El Niño 
events, may have cum ulative impacts on grow th and 
resources available for breeding. For example, impacts 
on pup production in Antarctic fur seals w ere only 
observed under persistent high SST levels, affecting 
females over time scales longer than their breeding 
cycle (Forcada et al. 2005). Impacts of long-term  cli­
m ate changes, like those associated with the Pacific 
decadal oscillation (Le Boeuf & Crocker 2005), may 
amplify the short term  impact of El Niño events.
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The increased variation in success during the 1998 
spring foraging trip helped to reveal an im portant 
functional relationship betw een patch characteristics 
and foraging success. The relationship obtained in this 
study implies that, on average, northern elephant seal 
females need  to spend at least half as much time 
attem pting to forage in patches as they spend looking 
for those patches to stay in positive energy balance. To 
achieve more typical rates of mass gain the ratio of 
patch residence to travel needs to be closer to 2. This 
strong relationship to rates of mass gain gives cre ­
dence to this approach of estim ating patch characteris­
tics based on diving behavior, and provides a unique 
insight into how prey distribution impacts foraging 
economics in this species. The return  to more typical 
foraging param eters in 1999 suggests that despite the 
unusual length of the 1997-98 El Niño, the ecological 
impacts in the northeast Pacific that affected elephant 
seal foraging did not extend into the following year. 
The reduced frequency of presum ed pelagic foraging 
dives and food processing dives, the increased fre­
quency of presum ed traveling dives, and the strong 
association of these changes w ith reduced foraging 
success in 1998 provides further support for the p u ta ­
tive functions of each one of these dive types.

El Niño events occur interm ittently over the lifetime 
of a breeding female, w ith strong events occurring per­
haps once in a reproductive lifespan. In addition to 
selecting for the ability to increase foraging effort prior 
to implantation, this unpredictable reduction in food 
resources may select for females that m aintain larger 
body reserves than  required  for successful provision­
ing of the pup during breeding. Larger females w ean 
larger pups (Reiter et al. 1981, Crocker et al. 2001), but 
it has been  difficult to show offspring survival advan­
tages that are derived from this increased parental 
investm ent. Large body size may help older females 
m aintain high rates of natality and w eaning success in 
years w ith reduced prey availability.
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