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Demographic rates of animals (i.e., survival and breeding success) generally increase with experience early in
life, but temporal variation in the effect of experience on demography is not well understood. The demographic
difference between inexperienced versus experienced breeders can be accentuated during poor environmental
conditions when food is scarce, or the difference can remain constant regardless of environmental fluctuation. I
tested the hypothesis that environmental variation accentuates the difference between inexperienced and
experienced breeders using 20 years of capture—mark—recapture data for northern elephant seals (Mirounga
angustirostris) from the Farallon Islands, California. I estimated year-specific survival probabilities, breeding
propensity (the probability that an individual will breed in year x), and breeding success of primiparous
(inexperienced) and multiparous (experienced) females. Primiparous breeders did not suffer more than
experienced breeders during years of environmental stress. The selection hypothesis (a decrease in
heterogeneity in individual quality within cohorts over time, based on selection pressure) could explain the
experience-related improvement in survival and breeding success. Lower variances in survival of multiparous
breeders suggest that primiparous adults constitute a more heterogeneous portion of the population, and the 1st
breeding event might act as a selective process leading to a more homogeneous pool of multiparous breeders.
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Understanding how temporal environmental variability
influences demographic rates such as survival and breeding
success is central to interpreting variation in life-history
strategies (Emlen 1984; Pianka 1988; Stearns 1992; Williams
1966) and change in animal populations (Caswell 2001;
Croxall and Rothery 1991; Ratcliffe et al. 1998). Mounting
evidence indicates that temporal environmental variability and
recent climatic changes (Intergovernmental Panel on Climate
Change 2007) impact population dynamics (Walther et al.
2002). For example, temporal variation impacts survival or
breeding success in >30 species of large mammals (Gaillard
et al. 2000).

Life-history theory predicts that individuals have a limited
amount of energy that can be allocated to survival and
breeding, leading to a theoretical trade-off between them (Roff
1992; Stearns 1992). Because breeding performance is known
to increase with age and experience (prior to senescence),
breeding costs should be highest in younger individuals
(Forslund and Pirt 1995; Newton 1998). In mammalian and
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avian populations several studies have found evidence that
Ist-time breeders are poor performers, with a lower probabil-
ity of breeding successfully (Forslund and Pért 1995; Lee et al.
2007; Newton 1998), a lower probability of breeding the
following year (Reiter and LeBoeuf 1991; Weimerskirch
1992), and a lower probability of survival after 1st breeding
(Chastel et al. 1995; Clutton-Brock et al. 1996; Pistorius et al.
2008; Promislow 1991; Reiter and LeBoeuf 1991) compared
with older, more experienced individuals. Such differences
can be explained by 3 nonexclusive hypotheses (Curio 1983;
Forslund and Part 1995; Sether 1990; Weimerskirch 1992).
The 1st is constraint; breeding and survival abilities improve
as animals age and gain experience (Greig et al. 1983).
Primiparous animals might be unable to defend space and
protect offspring or forage as successfully, or both, as
§
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multiparous animals. This hypothesis predicts lower mean
reproductive success, breeding propensity (the probability that
an individual will breed in year x), and survival of primiparous
seals versus multiparous seals with no difference in variance.
The 2nd hypothesis is restraint, the optimization of breeding
effort or ability with survival (Williams 1966). Primiparous
animals might allocate their reproductive effort in a manner
that does not impact lifetime reproduction. This hypothesis
predicts lower mean reproductive success and breeding
propensity of primiparous versus multiparous seals, but equal
survival. The 3rd hypothesis is selection, where natural
selection eliminates poor performers from the multiparous
class, resulting in a temporal decrease in heterogeneity among
individuals as lower-quality animals die off (Cam and Monnat
2000; Curio 1983; Forslund and Pirt 1995). This hypothesis
predicts lower mean and higher variance in reproductive
success, breeding propensity, and survival of primiparous
versus multiparous seals.

How temporal environmental fluctuations affect the demo-
graphic parameters of inexperienced and experienced breeders
is a critical issue. If inexperienced animals are more
susceptible than experienced breeders, any sustained change
in mortality of Ist-time breeders could affect populations.
However, the long-term demographic response of individuals
to a variable environment relative to breeding experience is
poorly documented. The difference in breeding success,
breeding propensity, and survival probability of younger
versus experienced breeders can be accentuated during
extreme environmental conditions such as when resources
are scarce (Bunce et al. 2005; Nevoux et al. 2007).
Alternatively, younger breeders can be affected by climatic
fluctuations in the same manner as experienced breeders
(Nevoux et al. 2008). Thus, the distinction between younger,
less experienced animals and older, more experienced animals
is fundamental to explaining population dynamics in variable
ecosystems.

The aim of this study is to compare the demographic
response of primiparous (inexperienced) and multiparous
(experienced) individuals of a long-lived marine mammal
species to climatic variation on the foraging grounds by
simultaneously analyzing adult survival, breeding propensity,
and breeding success. I studied the northern elephant seal
(Mirounga angustirostris) population of the South Farallon
Islands, California. Previous studies have demonstrated the
impacts of age and experience on northern elephant seal
breeding success (Huber 1987; Reiter and Le Boeuf 1991;
Sydeman et al. 1991), and climatic variation has been shown
to affect foraging success (Le Boeuf and Crocker 2005) and
pup sex ratio (Lee and Sydeman 2009), but annual variation in
the demographic differences between primiparous and mul-
tiparous seals has not been addressed.

I began by estimating year-specific breeding propensity,
breeding success, and survival probability of primiparous and
multiparous individuals using 20 years of capture—-mark—
recapture data. Based on previous findings for birds (Barbraud
and Weimerskirch 2005; Bunce et al. 2005; Laaksonen et al.
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2002; Nevoux et al. 2007) and mammals (Coulson et al. 2001;
Gaillard et al. 1993, 1998, 2000; Sydeman et al. 1991), I
expected that multiparous breeders would have higher survival
and breeding success than inexperienced breeders. To examine
the potential experience-based response of breeders to
temporal climatic variation I tested for significant correlations
between the 3 demographic parameters and fluctuations in
ocean climate and prey abundance on the foraging grounds
(Gaillard et al. 2000; Nevoux et al. 2007, 2008). I predicted
that warm-water years and years of lower hake abundance
would result in lower demographic rates of all breeding
females, and that the difference between primiparous and
multiparous seals would either remain constant during
temporal environmental fluctuations or increase during years
of more extreme warm water or decreased hake abundance.

MATERIALS AND METHODS

Study area and data collection.—Northern elephant seals
are large (adult females ~300 kg), capital-breeding, marine
mammals that breed during January and February each year at
rookeries along the Pacific coasts of Mexico and California
with very high natal and breeding-site fidelity. PRBO
Conservation Science (PRBO; formerly Point Reyes Bird
Observatory) has studied the population biology of northern
elephant seals on the South Farallon Islands, part of the
Farallon National Wildlife Refuge, 45 km west of San
Francisco, California (37°42'N, 123°00’W), since the breed-
ing colony was reestablished in 1972. Exploitation of these
seals in the 1800s extirpated the Farallon population.
Recolonization of these islands began in 1959 when
immatures 1st hauled out to molt, and the 1st pup was born
in 1972. This study encompassed the years 1975 through 1994,
when sample size in both experience classes was adequate.
Since 1972 nearly all weaned pups and several immature
animals were flipper-tagged every year (Dalton Supplies Ltd.,
Henley-on-Thames, United Kingdom). PRBO biologists
identified returning females by flipper tags, distinguishing
marks such as scars, or by dye marks placed on animals during
postbreeding molt. After recording tag numbers, PRBO
biologists used hair dye (Clairol, Stamford, Connecticut) to
mark females temporarily so they could observe animals from
a distance. Pups usually were marked with dye 1 or 2 days
after birth. PRBO biologists checked mothers and pups daily,
weather permitting, to determine parturition and breeding
success. All work was carried out according to guidelines of
the American Society of Mammalogists (Gannon et al. 2007),
under Marine Mammal Permit 373-1868-00.

At 4 weeks old a pup has tripled its birth weight and is
weaned when the mother returns to sea in February for a 2-
month postpartum bout of foraging to recover the one-third of
her body mass lost during nursing. Females disperse widely to
forage in the northeastern Pacific twice per year, from 38° to
60°N and from the coast to 188°E, feeding at depths of 300—
600 m with occasional dives to 1,500 m (Le Boeuf et al.
2000). Between their postpartum and gestation foraging bouts,
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females haul out to molt. After continuous foraging during the
8-month gestation period (mid-April to mid-December),
females return to rookeries to give birth and nurse their pups
(Deutsch et al. 1994; Le Boeuf et al. 1972). Females begin
breeding at age 3—6 (median = 4—Huber 1987). Females that
begin breeding at age 3 (23% of primiparous females) have
lower subsequent pupping rates and weaning success than
females that begin breeding at age 4 or 5 (77% of primiparous
females—Huber 1987).

During El Nifio events warm-water intrusion northward up
the west coast of North America to British Columbia and
Southeast Alaska shifts the usual female northern elephant
seal foraging area northward and farther away from California
rookeries (Fulton and LeBrasseur 1985) and disrupts the
formation and propagation of mesoscale eddies that promote
or aggregate prey (Okkonen et al. 2001). Under warm-water
conditions adult female elephant seals spend more time
foraging, gain less mass than usual, and begin breeding later
(Crocker et al. 2006; Huber et al. 1991; Le Boeuf et al. 2000;
Le Boeuf and Reiter 1991; Simmons et al. 2007). Thus, warm-
water years apparently result in low prey availability (Crocker
et al. 2006; Le Boeuf and Crocker 2005; Simmons et al. 2007).
Northern elephant seal diet is mostly r-selected pelagic squid
species and K-selected Pacific hake (Merluccius productus,
also known as Pacific whiting—Antonelis et al. 1994).
Although the ecologies of pelagic squid species in the
northern elephant seal diet are not well studied, based on
previous findings that warm water on foraging grounds
resulted in longer foraging trips and less mass gain, I predicted
that warm-water years signify lower squid abundance or
availability (Le Boeuf and Crocker 2005; Simmons et al.
2007), resulting in reduced demographic rates of breeding
female elephant seals. The most important fish prey for
northern elephant seals is Pacific hake, the most abundant
groundfish off the North American west coast (Methot and
Dorn 1995). Pacific hake life history is characterized by low
recruitment punctuated by occasional very strong year classes,
and the role of ocean climate in hake ecology is complex
(Ressler et al. 2007). Hake is the only prey species of the
northern elephant seal with reliable abundance metrics
throughout the study period, so I used Pacific hake annual
stock assessments of total and spawning biomass as a direct
index of annual variation in the fish component of northern
elephant seal diet (Helser et al. 2008).

Environmental covariates.—1 used 2 climate indices
(Southern Oscillation Index [SOI] and Northern Oscillation
Index [NOI]) and annual stock assessments of hake biomass as
covariates of ocean climate and food availability. The El
Niflo—Southern Oscillation (ENSO) cycle, a fluctuation
between unusually warm (ElI Nifio) and cold (La Nifia)
conditions in the eastern tropical Pacific, is the predominant
year-to-year climate variation on Earth (McPhaden et al.
2006). El Nifio and La Nifia develop in association with phase
shifts in the Southern Oscillation, an atmospheric pressure
gradient comparing the strength of the Tahitian High pressure
system and Darwin, Australia Low pressure system. There-
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fore, ENSO events often are examined relative to the SOI
(Trenberth 1984). The SOI is the difference in sea-level
pressure between Darwin, Australia, and Tahiti, French
Polynesia (Trenberth 1984), and indicates the primary signal
of the ENSO phenomenon. Positive SOI values indicate strong
Pacific trade winds (La Nifia), and negative values indicate the
reversal of Pacific trade winds (El Nifio).

Another indicator of atmospheric pressure gradients is the
NOI, which, like the SOI, compares the differences in large-
scale pressure, and thereby winds (Schwing et al. 2002). The
NOI compares the North Pacific High against the Darwin
Low, and like the SOI is related to El Nifio and La Nifia
events. Positive values of the NOI indicate productive, La-
Nifia periods in ocean productivity, with strong upwelling-
associated winds along the west coast of North America. NOI
is a counterpart of SOI that relates variability in the
atmospheric forcing of climate in northern midlatitude
hemisphere regions and represents a wide range of local and
remote climate signals. ENSO is unique among climate
phenomena in its strength, predictability, and global influence,
projecting beyond the tropical Pacific through oceanographic
and atmospheric teleconnections that affect patterns of
weather and ocean productivity variability worldwide
(McPhaden et al. 2006). The possible teleconnections to
higher latitudes influences the North Pacific High and other
pressure cells of the North Pacific. The NOI measures changes
in pressure gradients that influence winds and primary
productivity in the Northeast Pacific (Schwing et al. 2002).
SOI and NOI are highly correlated (Fig. 1a) but indicate
specific climate signals. Each index provides information
pertaining to the timing and mechanism of the effect on prey
and consequent effects on seal demography.

Pacific hake biomass is estimated using models that
incorporate total fishery catches, fishery age or size compo-
sitions, or both, and data from nonfishery samples and acoustic
surveys (Helser et al. 2008). The 2008 assessment used the
Stock Synthesis modeling framework (SS2 version 2.0)
written by Dr. Richard Methot (Northwest Fisheries Science
Center) in AD Model Builder (Helser et al. 2008). I converted
raw annual spawning and total (age 3+) hake biomass
estimates (1974-2008) to standardized anomalies by subtract-
ing the mean from each annual estimate and dividing by the
SD.

Estimation of demographic parameters.—I analyzed cap-
ture-recapture data to model and estimate annual values of
apparent local survival (¢), breeding propensity (BP), and
breeding success (BS). Apparent local survival () is the
probability that an animal survives from year x to year x + 1.
Apparent survival cannot discriminate between mortality and
permanent emigration. BP is the probability that an animal
bred in year x, given that it survived. BS is the probability of
successfully weaning a pup in year x. All seals began their
encounter histories with their Ist breeding attempt, so for
primiparous seals BS is breeding success during the 1st
attempt, ¢ is survival between their 1st and 2nd breeding
attempts, and BP is the probability of breeding in the year
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F16. 1.—Annual variation in environmental covariates and demographic parameters of northern elephant seals according to experience at the
South Farallon Islands, California. a) Annual variation in Pacific hake spawning biomass (Hake), Southern Oscillation Index (SOI), and
Northern Oscillation Index (NOI). b) Annual variation in local survival probability for experienced and primiparous breeders (year x to x+1).
¢) Annual variation in breeding propensity ([p]; 1 — probability of skipping breeding) for experienced and primiparous breeders. d) Annual
variation in the probability of breeding success for experienced and primiparous breeders.

immediately after their 1st attempt. Thus, the probability of
skipping breeding in the breeding season immediately
following their 1st attempt = 1 — BP.

Accurate estimates of survival are best obtained from
analysis of capture-recapture data with models that estimate
survival and recapture probabilities separately (Lebreton et al.
1992; Mayfield 1975). The recapture probability of species
with high breeding-site fidelity, such as northern elephant
seals, incorporates the conditional probability that an individ-
ual will breed in a particular year given that it has survived to
that year (Clobert et al. 1994; Lebreton et al. 1990). Thus,
capture-recapture data can be used to infer breeding
propensity. Accurate data on breeding success also are best
obtained from a marked, known-age population where animals
are monitored frequently during the breeding season (Mayfield
1975), as is the case at South Farallon Islands.

Breeding and resight histories of marked female elephant
seals were available for 860 individuals between 1975 and
1994. Number of tagged cows each year averaged 162 (range
= 36-264). I did not incorporate age of individuals because of
difficulty obtaining tagging records for females breeding at
South Farallon Islands that were born and tagged at Channel
Island rookeries. Also, restricting my sample to only known-
age individuals would have significantly reduced sample sizes.
Thus, I defined experience as the number of breeding events
observed for each individual. Previous work on this species

(Huber 1987; Reiter and LeBoeuf 1991; Sydeman et al. 1991)
and preliminary analysis of these data on the definition of
breeding experience confirmed that differentiating Ist-time
breeders (hereafter called primiparous) from individuals with
at least 1 breeding attempt (hereafter called multiparous)
effectively differentiates between young and experienced
adults in terms of survival, breeding propensity, and breeding
success. I presumed that the 1st breeding event was detected
correctly, based on the high natal site fidelity of the species,
frequent surveys of the rookeries by field workers, and high
recapture probability of breeders (see ‘‘Results’”).

I modeled and estimated annual probabilities using the
general methods described by Lebreton et al. (1992) and
Burnham and Anderson (2002). I modeled and estimated ¢
and BP using program MARK 5.1 (White and Burnham 1999)
“‘recaptures only’> model structure. BS was defined as
successfully weaning a pup after >20 days of nursing.
Because the breeding data included repeated measurements of
individuals, I modeled and estimated BS using generalized
linear mixed model with binomial error structure and logit link
function where female identity was a random factor. I
analyzed BS using STATA 10.0 (StataCorp LP 2007).

My process was to assess goodness of fit for my data using a
global model that included year- and experience-related
variation, then find the best model of temporal variation for
¢, BP, and BS of the 2 experience classes, and, finally,
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examine covariate models of climate and prey indices to
determine whether primiparous breeders suffered more in
years of environmental stress. Goodness of fit for ¢ and BP
was evaluated using estimates of the variance inflation factor
¢, a measure of overdispersion. I used the median-C approach
(Cooch and White 2005). Following Lebreton et al. (1992), 1
considered values of ¢ < 3 as indicative that model structure
provided an adequate fit to the data. Goodness of fit for BS
was analyzed using a Pearson goodness of fit (%) test
(StataCorp LP 2007).

I used the logit link function and 2nd part variance
estimation throughout the MARK analyses. I determined
model parsimony using the quasi Akaike information criterion
corrected for small sample size (QAIC,). I used qAIC, weights
as a measure of the strength of evidence for a given model.
AgAIC, is the difference between the qAIC, for a model and
the qAIC. for the current minimum qAIC. model. For the
minimum qAIC, model, the most-parsimonious model in the
set, the AqAIC, = 0. Means of parameters between experience
classes were compared using paired (by year), 1-tailed #-tests.
Variances were compared using F-statistics.

Model sets.—I defined the global model during goodness of
fit testing as (¢ (experience * year)BP(experience * year)) and
(BS(experience * year)). This global model is a multiplicative
interaction of annual variation and 2 experience categories,
meaning primiparous and multiparous seals each have a
unique value for ¢, BP, and BS every year. The a priori model
set for analyses of temporal variation included ¢, BP, and BS
parameters modeled separately for primiparous and multipa-
rous seals: as constants (constant), and as fully time-dependent
(Lebreton et al. 1992), with year treated as a categorical
variable (year). I also included an additive model with annual
variation where the 2 experience classes vary in parallel, the
difference between them remaining constant (experience +
year).

To examine whether inexperienced animals are more
susceptible than experienced breeders to environmental
fluctuations, I ranked a set of models where parameters were
linear functions of environmental covariates. If primiparous
and multiparous breeders have significantly different means,
experience will be a significant effect, and each experience
class will have a unique intercept coefficient. If the difference
between experience classes is the same in all years, the slope
coefficient will not differ by experience, and the 2 covariate
functions should be parallel. If primiparous breeders are
affected more severely by climate variation, climate covariate
slope coefficients for the 2 experience classes will have the
same sign, but the slope coefficient for primiparous breeders
will be significantly steeper. In essence, if primiparous
breeders are impacted more severely by bad climate years,
the multiplicative interaction model (experience * covariate)
should be ranked higher than the model with additive
interaction of experience and environmental covariate (expe-
rience + covariate). Alternatively, if the model with additive
interaction of experience and environmental covariate ranks
higher than the model with multiplicative interaction of
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TaBLE 1.—Mean (SD) of demographic parameters (probabilities of
survival, breeding propensity, and breeding success) for primiparous
and multiparous breeding northern elephant seals at the South
Farallon Islands, California, 1976-1994. Statistics generated from
year-specific estimates of parameters for both experience classes. z-
statistics and P-values from paired #-tests.

Survival Breeding propensity Breeding success
Primiparous 0.659 (0.091) 0.788 (0.199) 0.647 (0.116)
Multiparous 0.826 (0.056) 0.794 (0.075) 0.845 (0.08)
t-statistic (d.f.) 7.42 (18) 0.54 (17) 8.42 (18)
P-value <0.001 0.30 <0.001

experience and environmental covariate, primiparous breeders
are not more susceptible than multiparous breeders to
environmental fluctuations.

Because breeding and animal resight efforts were concen-
trated in January and February each year, I used the
environmental index values of the year preceding the breeding
effort as covariates for breeding parameters (BP and BS). I
used the index value of the current year as the covariate of
survival between breeding seasons (¢).

RESsuLTS

From 1975 to 1994, 860 individual females that were tagged
as weaned pups or immatures returned to breed at least once at
South Farallon Islands. Effective sample size for capture—
mark-recapture analysis was 2,847. The capture—recapture
data provided a very good fit to the global model. Global
model deviance ranked 76 of 100 simulated deviances
(estimated ¢ = 1.187, SE = 0.0079); the variance inflation
factor applied was ¢ = 1.187. The breeding success global
model also fit the data well (number of observations = 1,923;
Pearson %10 = 43.37, P = 0.11). Estimates of year-specific
survival, breeding propensity, and breeding success for both
experience classes revealed large temporal variation in all 3
parameters (Figs. 1b—d), with significant differences between
experience classes in survival and breeding success but not in
breeding propensity (Table 1). Mean survival probability for
primiparous seals was 16.7% lower than for multiparous seals
(Table 1). Variance in survival probability for primiparous
breeders was significantly higher than multiparous breeders
(F18.10 = 2.67, P = 0.042). Mean breeding success was 19.8%
lower for primiparous seals versus multiparous seals (Ta-
ble 1). Variance in breeding success for primiparous breeders
was not significantly higher than for multiparous breeders
(F9.19 = 2.08, P = 0.130). Mean breeding propensity was
similar between experience classes (Table 1). Variance in
breeding propensity was higher for primiparous seals, but but
the difference was marginally nonsignificant (Fy7,3 = 2.53,
P = 0.062).

The most-parsimonious model of survival was a constant
that differed according to breeding experience (Table 2).
Survival of primiparous breeders in the year following their
Ist breeding attempt was significantly lower than survival of
experienced seals (primiparous B = —0.885, SE = 0.110).
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TaBLE 2.—Table of model selection results for survival, breeding
propensity, and breeding success of northern elephant seals at the
South Farallon Islands, California, 1976-1994. exp = 2 experience
classes, year = annual variation, ¢ = survival, BP = breeding
propensity. qAIC. = quasi Akaike information criterion corrected for
small sample size, AQAIC, = difference between the qAIC, for a
model and the qAIC, for the current minimum qAIC. model. Bold
models are the highest-ranked for each parameter.

qAIC, No.
qAIC, AgAIC, weights parameters gDeviance
Survival (¢(x) BP(year))
exp 4,415.88 0 0.33 22 1,228.48
exp + NOI  4,416.61 0.73 0.23 23 1,227.18
exp + hake  4,417.73 1.85 0.13 23 1,228.30
exp + SOI  4,41791 2.03 0.12 23 1,228.48
exp * NOI  4,418.55 2.68 0.09 24 1,227.09
exp * hake  4,419.72 3.84 0.05 24 1,228.26
exp * SOl  4,419.88 4.00 0.05 24 1,228.42
exp + year  4,439.38 23.50 0 40 1,215.17
exp * year  4,463.19 47.31 0 58 1,201.69
constant 4,470.14 54.27 0 20 1,286.81
year 4,496.56 80.69 0 39 1,274.41
Breeding propensity (¢(exp) BP(x))
year 4,415.88 0 0.70 22 1,228.48
exp + year  4,417.79 1.91 0.27 23 1,228.36
constant 4,425.42 9.54 0.01 3 1,276.37
hake 4,425.69 9.81 0.01 4 1,274.63
exp 4,426.67 10.80 0 4 1,275.62
exp + hake  4,427.04 11.16 0 5 1,273.98
NOI 4,427.29 11.41 0 4 1,276.23
SOI 4,427.34 11.46 0 4 1,276.28
exp * hake  4,428.42 12.55 0 6 1,273.35
exp + NOI  4,428.53 12.65 0 5 1,275.47
exp + SOl 4,428.60 12.72 0 5 1,275.54
exp * NOI  4,430.43 14.56 0 6 1,275.37
exp * SOl 4,430.47 14.59 0 6 1,275.40
exp * year  4,433.10 17.22 0 42 1,204.77
Breeding success
exp * year 227.80 0.00 1.00 38 150.85
exp * NOI 245.42 17.62 0 4 237.41
exp + NOI 245.44 17.64 0 3 239.44
exp + year 248.27 20.47 0 34 179.51
exp + SOI 249.25 21.45 0 3 243.24
exp * SOI 251.25 23.45 0 4 243.23
exp 258.86 31.06 0 2 254.86
exp + hake 260.85 33.05 0 3 254.84
exp * hake 262.11 3431 0 4 254.10
year 326.53 98.73 0 19 288.29
constant 356.89 129.09 0 1 354.88

The top-ranked model of breeding propensity was annual
variation (BP(year)), with no experience effect (Table 2).
Experience was included in the 2nd-ranked model of breeding
propensity but was not an important effect; effect size was
negligible, with 0.005 lower mean annual breeding propensity
for primiparous breeders when mean BP was 0.794 (SD =
0.075) for multiparous breeders. Breeding success was best
modeled as (BS(experience * year)) with considerable weight
of evidence for this being the best model of the set (Table 2).
This interaction model indicates that breeding success of
multiparous and primiparous seals varied independently by
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1975-1994. Darker trend lines are for multiparous females, lighter
dashed trend lines are for primiparous females. a) Relationship
between Northern Oscillation Index (NOI) during pregnancy and
breeding success. b) Relationship between NOI during pregnancy
and survival.

year. Mean difference in BS between primiparous seals and
multiparous seals was 0.207 = 0.022 (SE).

Climate results.—I found no significant environmental
covariates of annual variation in northern elephant seal demo-
graphic parameters (Table 2). Additive models of covariates
were consistently ranked equal to, or better than, interaction
models, indicating that primiparous breeders did not suffer
disproportionately from adverse environmental fluctuations
(Table 2). Additive models indicate that the difference in
demographic parameters between experience classes does not
change as the severity of annual conditions increases (Fig. 2).

DiscussioN

This study simultaneously quantifies annual variation in
survival, breeding propensity, and breeding success according
to breeding experience for female northern elephant seals.
Similar to previous studies (Forslund and Part 1995; Newton



June 2011

1998), year-specific estimates of survival had a lower mean
(constraint, restraint, and selection hypotheses) and higher
variance (selection hypothesis) for primiparous breeders
relative to multiparous seals. I found that primiparous seals
responded to climatic variation similarly to experienced
breeders and were not more susceptible to climate extremes
than multiparous seals. The difference in demographic
parameters between primiparous and multiparous seals did
not increase according to the extremity of the climatic
variation. These results expand and elaborate on previous
work related to experience effects in the northern elephant seal
(Huber 1987; Reiter and LeBoeuf 1991; Sydeman et al. 1991)
and other species (Barbraud and Weimerskirch 2005; Cam and
Monnat 2000; Coulson 1966; Gaillard et al. 1998, 2000;
Nevoux et al. 2007; Pinaud and Weimerskirch 2002; Pistorius
et al. 2008; Sadleir 1969).

The demographic response of a population to its environ-
ment depends on its life-history traits, the manner in which
individuals trade off the allocation of resources between
breeding and survival (Erikstad et al. 1998; Stearns 1992). In
long-lived animals the survival of adults in general, and
experienced individuals in particular, should be highly
buffered against external forces, at the expense of breeding
success (Gaillard et al. 2000; Pfister 2005). Survival of both
experience classes of female northern elephant seals was best
described by a constant, but the best models of breeding
success and breeding propensity included annual variation
indicating that survival might be buffered relative to breeding
effort and success.

The constraint hypothesis suggests that primiparous seals
are less able than multiparous seals to defend space and
protect their pups in the colony, or to forage successfully
postpartum. This hypothesis predicts lower mean reproductive
success, breeding propensity, and survival of primiparous
seals compared to multiparous seals, but equal variance
between primiparous and multiparous seals, which I did not
find. The restraint hypothesis predicts lower mean reproduc-
tive success and breeding propensity of primiparous than
multiparous seals, but equal survival. I found unequal survival
between experience classes.

The selection hypothesis (Forslund and Pért 1995) could
explain the experience-related improvement in survival and
breeding success. This hypothesis predicts lower mean and
higher variance in reproductive success, breeding propensity,
and survival of primiparous versus multiparous seals. Lower
variance in survival of multiparous breeders suggests that
primiparous adults constitute a more heterogeneous portion of
the population, and the Ist breeding event can act as a
selective process leading to a more homogeneous pool of
multiparous breeders (Barbraud and Weimerskirch 2005; Cam
and Monnat 2000; Nevoux et al. 2007). Because breeding
demands a large energetic investment from individuals, it
could act as a filter on the heterogeneous pool of primiparous
females, leading to a progressive decrease in the proportion of
lower-quality individuals among cohorts (Barbraud and
Weimerskirch 2005; Cam and Monnat 2000; Curio 1983;
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Forslund and Pirt 1995). Although inexperienced individuals
of high quality might be able to perform as well as
experienced breeders, poor-quality individuals are more
susceptible to adverse conditions, contributing to the lower
average performance of primiparous breeders (Lescroel et al.
2009). Sydeman et al. (1991) found evidence for the constraint
or restraint hypotheses, or both, in their analysis of northern
elephant seal lifetime breeding success. Our combined results
add to understanding of life-history trade-offs in this long-
lived marine mammal.

I found no biologically significant difference in breeding
propensity between experience classes. This result should be
considered in light of the reality that breeding propensity can
be estimated only for those seals that survived to breed again
following their 1st attempt, and survival was much lower and
more variable for primiparous than experienced seals. First-
time breeders are younger, relatively smaller seals, and thus
the reduction in body mass following successful weaning of a
pup could be expected to take a greater toll than for larger,
experienced seals. As a result, 1st-time breeders might be less
likely to regain their own body mass and additionally store
enough energy to produce a pup again in the following year.
Cases of inexperienced individuals requiring a longer recovery
time following a breeding season have been documented in
numerous species (Ollason and Dunnet 1988; Viallefont et al.
1995; Weimerskirch 1990; Wooller and Coulson 1977),
including Weddell seals (Leptonychotes weddellii—Hadley
et al. 2007). In the present study primiparous breeders had
lower survival rather than breeding propensity, suggesting that
natality adversely affects survival of younger northern
elephant seals rather than their propensity to breed the
following year.

This study quantified the relationship between North Pacific
climate oscillations and demographic parameters of northern
elephant seals that had been related anecdotally based on the
extreme El Nifo of 19821983 (Huber et al. 1991; Le Boeuf
and Reiter 1991). Recently, Le Boeuf and Crocker (2005)
found that foraging success of breeding females (measured as
mass gain) was correlated negatively with ocean temperature
on the foraging grounds. However, I found no significant
relationship between ENSO signals indexed by the SOI or
NOI and northern elephant seal demography. Differences in
temperature and foraging success detected on the foraging
grounds might be influenced more by upwelling and down-
welling in mesoscale eddies than by basin-scale climate.

Recurrent large-scale oceanographic events and low-
frequency ocean climate regime shifts (Steele 1998) can result
in new vital rates and changes in population structure for
northern elephant seals and other top marine predators.
Changes in the growth and behavior of predator populations
are thought to reflect broadscale environmental changes
occurring over long periods (Croxall et al. 2002; Hindell et
al. 2003). Thus, if population responses are sensitive to
environmental shifts and manifest in vital rates (e.g., survival,
breeding propensity, and breeding success) over relatively
short time periods, marine predators could be useful indicator
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species for ecosystem changes over broad geographical regions
(Hindell et al. 2003). This is particularly relevant for wide-
ranging species such as elephant seals that procure their food
across entire ocean basins (Bradshaw et al. 2004), whose
principal squid prey are not well studied and whose principal
fish prey species supports a substantial fishery, and that exert a
wide ecological influence as both predator and prey (Ressler et
al. 2007). However, no clear demographic signal of ocean
climate variation was apparent in these data. Although breeding
success was best modeled with an interaction model, no pattern
of primiparous breeders suffering significantly greater than
multiparous breeders in bad years was apparent. This model
seems to indicate that primiparous breeding success is simply
more variable than multiparous breeding success.

Stronger relationships between demographic rates of
northern elephant seals and environmental conditions might
exist but will require more study to determine the relevant
resolution for annual environmental covariates. Moreover,
vital rates of these seals might not be linked to a single climate
variable, and instead might respond to some combination of
factors (De Little et al. 2007). An alternative explanation is
that individual heterogeneity in primiparous animals has a
larger effect than climate on annual variation in vital rates.
More detailed exploration of sophisticated climate and prey
indexes could address such questions.
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