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Female Weddell seals show flexible strategies of colony attendance
related to varying environmental conditions
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Abstract. Many animal life cycles involve movements among different habitats to fulfill
varying resource demands. There are inherent costs associated with such movements, and the
decision to leave or stay at a given location ought to be motivated by the benefits associated
with potential target habitats. Because movement patterns, especially those associated with
reproduction, can have important implications for the success (survival, reproduction) of
individual animals, and therefore a population’s dynamics, it is important to identify and
understand their sources of variation (environmental and individual). Here, using a mark–
recapture, multistate modeling approach, we investigated a set of a priori hypotheses
regarding sources and patterns of variation in breeding-colony attendance for Weddell seal
(Leptonychotes weddellii) females on sabbatical from pup production. For such females,
colony attendance might be motivated by predation avoidance and positive social interactions
related to reproduction, but some costs, such as reduced foraging opportunities or aggressive
interactions with conspecifics, might also exist. We expected these benefits and costs to vary
with a female’s condition and the environment. Results revealed that the probability of being
absent from colonies was higher (1) in years when the extent of local sea ice was larger, (2) for
the youngest and oldest individuals, and (3) for females with less reproductive experience. We
also found substantial levels of residual individual heterogeneity in these rates. Based on our a
priori predictions, we postulate that the decision to attend breeding colonies or not is directly
influenced by an individual’s physiological condition, as well as by the ice-covered distance to
good foraging areas, availability of predator-free haul-out sites, and the level of negative
interactions with conspecifics inside colonies. Our results support the idea that in iteroparous
species, and colonial animals in particular, seasonal and temporary movements from/to
reproductive sites represent flexible behavioral strategies that can play an important role in
coping with environmental variability.

Key words: animal movement; colony attendance; Leptonychotes weddellii; life history; mark–
recapture; Ross Sea, Antarctica; sea-ice extent; seasonal migration; temporary emigration; unobservable
state; Weddell seal.

INTRODUCTION

Many animal species have a life cycle that involves

movements among different habitats to access various

resources (Swingland and Greenwood 1983, Alerstam et

al. 2003). The need to occupy and exploit different

habitats is usually directly linked to varying demands at

different stages of an animal’s life cycle (Begon et al.

2009), but it can also be aimed at decreasing exposure to

predation and competition (e.g., Creel et al. 2005). The

decision of whether a site should be left for another is

the result of a trade-off between the benefits provided by

the target habitat and the costs associated with no longer

using the current area and moving to the new site

(Alerstam et al. 2003, Bowler and Benton 2005). Some

movements are obligate and therefore undertaken by all

individuals of a population or a species, such as
predictable seasonal movements (e.g., in migratory
birds) and dispersal events related to life stage (e.g., in
anurans, salmonids). On the other hand, migration and
dispersal movements can, in some species, be optional
and condition-dependent, such that movement patterns
vary substantially over time and/or across individuals
(Alerstam et al. 2003). For instance, spring migrations in
pronghorn (Antilocapra americana) populations of the
Greater Yellowstone area are undertaken by only a
fraction of the population each year, and some
individuals have a temporally variable migration strat-
egy, choosing to migrate in only some years (White et al.
2007). Similarly, in colonial species, attendance rates at
breeding-aggregation sites can vary widely among
individuals and across years (Halley et al. 1995, Beauplet
et al. 2005). The optimal balance of costs–benefits, and
therefore the decision to occupy a particular site or
habitat, generally depends on an individual’s status and
the conditions of the environment at the time the
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decision is made (Alerstam and Lindström 1990). For
instance, partial migrations of Tropical Kingbirds
(Tyrannus melancholicus) in the Amazon basin have
been shown to be influenced by the size, age, and
dominance status of individual birds, as well as by local
levels of food limitation (Jahn et al. 2010).
In seasonal environments, non-obligate movements
are often linked to reproduction, which often occurs in a
specific area, at a particular time of the year. An
individual’s decision to attend or remain outside the
breeding area can be permanent or temporary. Perma-
nent emigration from a breeding site (i.e., dispersal) can
be motivated by poor local conditions, high intraspecific
competition, or breeding failure (Clobert et al. 2001,
2004). Temporary movements from breeding areas can
be linked to similar factors, but they are generally more
specifically driven by temporal variation in environmen-
tal conditions (Halley et al. 1995, Frederiksen and
Bregnballe 2000, Stauffer et al. 2013, 2014). In long-
lived iteroparous species, years of absence from breeding
colonies can be key times to recover from past bouts of
reproduction and/or to store body reserves for future
reproductive attempts. Understanding the sources and
patterns of variation in such flexible movement is of
primary interest because rates of attendance and
temporary emigration from a breeding site can have
important implications for the future reproductive
success and fitness of individuals (Schjørring et al.
1999, Aubry et al. 2009), as well as for the spatial
distribution of wild populations and species (Kéry et al.
2009).
Mark–recapture methods have been shown to be a
reliable and informative approach for studying tempo-
rary emigration at the level of a population and over an
extended time period (Kendall et al. 1997, Kendall and
Nichols 2002). Although this approach does not provide
precise spatial information on individual movements, as
can be obtained with spatial tracking devices, it can
provide accurate information regarding the presence or
absence of known individuals in the specific area(s)
where sampling occurs. In mark–recapture studies,
where only a fraction of all potentially used sites are
sampled, temporary emigration has a precise methodo-
logical definition corresponding to the nonavailability of
an individual for detection (Kendall et al. 1997). In
general, however, the temporary absence of an individ-
ual from the study area also corresponds to particular
biological states of interest (i.e., condition-dependent
behavioral or physiological states), such as skipped
reproduction, alternative foraging strategy, or even
dormancy (Kéry et al. 2005, Stauffer et al. 2013).
In this study, we investigate several sources of
variation in temporary emigration from breeding
colonies in a philopatric population of Weddell seals,
and the consequences for future reproduction. Each
year, females from this population aggregate in colonies
inside the Erebus Bay area (Ross Sea, Antarctica), where
they give birth and rear their pup on consolidated sea ice

(Stirling 1969b, Cameron and Siniff 2004). Aggregation
in colonies occurs from October to late December, and
pups are being born and weaned between mid-October
and mid-December. Many females without pups also
attend colonies during the pup-rearing season, and these
are a mixture of pre-breeders and females known to be
on sabbatical from pup production. Males also attend
colonies and compete for underwater territories and
mating opportunities (Siniff et al. 1977). Mating is
thought to occur at the end of the lactating period,
between late November and late December (Stirling
1969b). The rest of the year, after a phase of molting in
January–February, seals spend most of their time
foraging in a vast area extending from McMurdo Sound
(i.e., close to breeding colonies) to the northern part of
the Ross Sea (Testa 1994). Not all females haul out in
Erebus Bay every year, and the level of attendance is
also known to vary across years (Cameron and Siniff
2004, Cameron et al. 2007). In this population, which
has beensubjecttoanintensive mark–recapture
monitoring program for several decades, the occasional
absence of females from colonies during the breeding
season represents a form of temporary emigration.
Indeed, because the multiple annual population surveys
are conducted in the entire Erebus Bay area during the
breeding season, females that do not haul out in the
study area one year are not available for detection.
Besides having methodological implications for detec-
tion rates, this phenomenon is of primary ecological
interest because it represents an individual-specific
behavioral strategy, which is probably linked to the
benefits and costs of moving to and attending breeding
colonies during several weeks. Two previous studies
have investigated the patterns of temporary emigration
variation across years and ages in pre-breeder females
and their consequences for recruitment (Stauffer et al.
2013, 2014). These studies found that, for pre-breeders,
motivation to attend colonies varied annually and
increased as seals grew older and larger, which suggests
that temporary emigration is a condition-dependent
strategy that varies among individuals. The results also
provided evidence that a female’s probability of
recruiting to the pup-producing portion of the popula-
tion was higher if she was present in the study area the
year before, suggesting that colony attendance might
have a social function for females, perhaps by favoring
the synchronization of ovulation, the interaction with
males, and/or the gathering of other types of social
information. Temporary emigration has also been
documented in recruited females on sabbatical from
pup production (Cameron et al. 2007), but neither the
pattern nor the sources of environmental and individual
variation are well documented.
In the present study, temporary emigration is defined
as the absence of an adult female from the ice surface of
the Erebus Bay study area during the breeding period
from mid-October to early December. Here, we assume
that locally born females that do not attend Erebus Bay
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are not pupping in other colonies. This key assumption
is supported by observations from annual visits con-
ducted in the years 1997–2000 and 2004–2013 in seal-
pupping aggregations located outside Erebus Bay
(Cameron et al. 2007, Hadley et al. 2007a). During
these extensive searches, a substantial number of seals
born and tagged in Erebus Bay were found, but very few
of those were found with a pup. The reasons why some
non-pupping females attend Erebus Bay colonies during
the breeding season is not well understood, but several
hypotheses can be formulated. First, it could be a way to
avoid predation, given that, at that time of the year,
Erebus Bay colonies are typically inaccessible to
predators (Testa 1994, Smith et al. 2007). Second,
colony attendance might be motivated by social
interactions with males and breeding females (Stauffer
et al. 2013), which might help to synchronize ovulation
and reproduction (Langvatn et al. 1996). On the other
hand, breeding colonies are relatively distant from the
main foraging sources, which are located in the middle
and northern part of the Ross Sea (Smith et al. 2007),
and foraging opportunities for seals that are hauled out
in Erebus Bay are thought to be limited (e.g., Stauffer et
al. 2014). Further, access to breathing and haul-out
holes within colonies can be a source of aggressive
interactions with other seals (Davis et al. 2013). Higher
food availability and fewer aggressive interactions could
therefore motivate certain nonbreeding females to stay
away from colonies. We hypothesized that the relative
balance between the costs and benefits of colony
attendance depends on an individual’s condition as well
as the environment. We thus expected to observe
substantial individual andtemporal variability in
probabilities of temporary emigration for females on
sabbatical from reproduction. Specifically, we predicted
that prime-age females, which are usually in better
condition and thus can more easily cope with poorer
environmental conditions than young and old females,
would display a higher rate of colony attendance.
Further, we expected that the effects of distance to
foraging sites and avoidance of aggressive interaction on
the motivation to stay outside colonies would be
amplified during years when sea ice was locally more
extensive, because movements from foraging areas to
colonies would require more effort and would depend
even more than usual on access to breathing holes. We
thus predicted a negative relationship between the
distance from colonies to the fast-ice edge and the
probabilities of colony attendance and reproduction.

MATERIAL ANDMETHODS

Study population and data collection

The study area is located in Erebus Bay, in the
southwestern part of the Ross Sea, Antarctica (77.628to
77.878S, 166.38to 167.08E). Each year, during the
austral spring, breeding colonies are formed by repro-
ducing and nonreproducing female Weddell seals in this
study area. Each reproducing female births and nurses a

single pup for;5 weeks, and copulation with males
happens at the end of this lactation period. This study
population has been monitored through a mark–
recapture program for more than four decades (Siniff
et al. 1977). Since the 1970s, all Erebus Bay colonies
have been visited every 3–5 days, each year, during the
breeding season, to individually tag newborn pups as
well as adults with no or missing tags. In addition, 5–8
population surveys have been conducted annually in the
entire study area (see Cameron and Siniff 2004). Because
all pups born in Erebus Bay have been systematically
tagged since 1982, most adults in our study area are of
known age. Currently, all locally born females and more
than 90%of adults that regularly use the study area are
marked. Females are known to be strongly philopatric
(Cameron et al. 2007, Hadley et al. 2007a), and their
probability of being detected at least once on the ice over
the course of multiple within-season surveys is;1.0
(Hadley et al. 2006, Stauffer et al. 2013), providing us
with comprehensive encounter and reproductive histo-
ries for a large number of locally born, known-age
female Weddell seals (Chambert et al. 2012, Rotella et
al. 2012).

Modeling and estimation of temporary emigration

Analyses were based on mark–recapture data from
females born and recruited inside Erebus Bay. We used a
multistate modeling approach to estimate annual
survival, reproduction, and temporary emigration prob-
abilities. In any given year, a female could belong to one
of the five following states: (1) first-time breeder, F; (2)
experienced breeder, E; (3) skip-breeder attending
breeding colonies, S; (4) unobservable skip-breeder, U,
corresponding to a nonbreeder staying outside colonies
that year (i.e., temporary emigrant); and (5) dead, D.
Because the overall detection probability is 1.0 for
females that haul out on the ice inside the study area,
individuals in state F, E, and S a given year were
systematically detected, making estimation of state
transition probabilities straightforward and avoiding
the need for a robust-design modeling approach.
Females present in the study area, but not hauled out
on the ice, can be temporarily unobservable for a single
survey. However, because it is highly unlikely that a
female would be in the water during all of the surveys
conducted within a season, we can confidently assume
that state U represent animals that remain outside the
study area during the extent of the pup-rearing season.
For the work presented here, the first encounter of an
individual was a female’s first reproductive event (state
F). Subsequent encounters consisted of combinations of
the three following possible observation events: ob-
served in state E, observed in state S, or not observed
(0), which could correspond to state U or D. Probabil-
ities of reproduction and temporary emigration were
defined as the probabilities of transition, conditional on
survival, from any live state to states E or U,
respectively. The probability of transition into state S
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was obtained as 1 minus the sum of the two latter
probabilities. Annual survival was estimated as the
probability of not transitioning into the dead state. In a
given year, females in state U could in theory have been
giving birth and nursing a pup outside Erebus Bay, but
as stated in theIntroduction, previous work has shown
that locally born females are highly philopatric, such
that reproductive events outside the study area are
extremely rare (Cameron et al. 2007, Hadley et al.
2007a). We can thus be confident that virtually all
temporary emigration events correspond to females
skipping a year of reproduction.
The multistate model used for inferences included (1)
a set of covariates that has been shown to influence
survival and reproduction in our study population
(Hadley et al. 2007a,b, Rotella et al. 2012, Chambert
et al. 2013) and (2) a set of covariates aimed at testing
our predictions regarding sources of variation in
temporary emigration. Annual survival probability (/)
was modeled as a function of reproductive state (Hadley
et al. 2007a), as follows:

logitð/kÞ¼l
/þ d/k

where l/ represents the population average survival
value andd/kcorresponds to the effect of being in a given
statek. To maked/Uidentifiable, we had to assume that
d/U was equal tod

/
k for one of the observable states

(Kendall and Nichols 2002). Here, we chose to set it
equal tod/S, which represents the effect for the other
nonbreeding state, i.e., a state with no costs of
reproduction. Transition probabilities into states E
(wkE) and U (wkU) were both modeled as functions of
the following covariates: (1) a female’s reproductive
statekin yeart 1(dk,t1); (2) a female’s current ageAi,t
in yeart(quadratic trend, with first- and second-order
parametersc1andc2); (3) the current yeart(random
effectgt); (4) a female’s identity (individual random
effectai); and (5) the distance from the study area to the
sea-ice edge (DistEdge) a given year (linear slopebDist).
The covariate structure used for these transition
probabilities was as follows:

logitðwkEi;tÞ¼l
kEþdkEk;t1þg

kE
t þa

kE
i þc

kE
1Ai;t

þckE2A
2
i;tþb

kE
DistDistEdge

logitðwkUi;tÞ¼l
kUþdkUk;t1þg

kU
t þa

kU
i þc

kU
1Ai;t

þckU2A
2
i;tþb

kU
DistDistEdge

wherelkEandlkUrepresent the theoretical mean values
for probabilities of survival and for transitions to states
E and U, respectively. The covariate DistEdge was used
as a proxy of local sea-ice conditions, which are
hypothesized to affect the motivation of seals to attend
colonies. For each year, this covariate was measured as
the linear distance, in nautical miles, of sea ice that an
icebreaker ship had to work through to gain access to

McMurdo Station, which is located at the southern limit
of the study area. Transition-specific random effect
parametersgtandaiwere each assumed to follow a
normal distribution, N(0,rg) and N(0,ra), respectively.
The multistate model was implemented under a Bayes-
ian framework in program OpenBUGS (Lunn et al.
2009), using a Gibbs sampling algorithm and Monte
Carlo Markov chain (MCMC) to approximate the
posterior distribution of model parameters. We assigned
flat prior distributions to all model parameters, as
follows. A uniform U(0,10) prior was assigned to the
standard deviation hyperparametersrgandra, and a
normal N(0,1000) prior was assigned to all other
parameters. The goodness of fit of the model and its
adequacy for making inferences about processes of
interest were assessed with posterior predictive checks
(Appendix). The results indicated that the model
provided accurate predictions of all data features and
derived quantities relevant to the questions of interest
here. In the following section, parameter estimates are
reported as the mean of the corresponding posterior
distribution, along with the 2.5%and 97.5%limits of a
95%credible interval reported in brackets.

RESULTS

Encounter histories were available for 1098 known-
age females that produced at least one pup during 1982–
2012 and contained 7347 known-state observations:1098
observations in state F, 3972 in state E, 1602 in state S,
and 675 known observations in state U (i.e., nontermi-
nal 0’s). The range of ages for recruited females in our
data set was 4–30 years old. Distance to ice edge for
years 1982–2012 ranged from 8 to 52 nautical miles, with
a mean of 24.9 nautical miles (SD¼12.9 nautical miles;
1 nautical mile¼1.852 km).
As shown in previous studies (Rotella et al. 2012),
recruited females had high annual survival rates
(estimated average of 0.91, with 95%credible interval
¼[0.91, 0.92]) and an average probability of reproduc-
tion of about 0.71, with 95%CI (credible interval)¼
[0.65, 0.76] (Table 1). Each year, about 25%of recruited
females, on average, did not produce a pup, but still
hauled out in the study area during the pupping season
(posterior mean¼0.25, 95%CI¼[0.20, 0.30]), while
only 4% appeared to have remained outside colonies
(posterior mean¼0.04, 95%CI¼[0.03, 0.07]; Table 1).
Therefore, among females on sabbatical from reproduc-
tion, most (86%) did not temporarily emigrate, which
confirms that females have strong motivations (e.g.,
predation avoidance, social interactions) to attend
breeding colonies even in years when they do not
produce a pup. However, a nontrivial portion (14%)of
skip-breeder females remained outside colonies.
Our results revealed interesting sources of individual
and annual variation in colony attendance by females on
sabbatical from pup production, supporting our predic-
tions that absence from colonies would be higher for
younger and older individuals and when sea ice was
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more extensive between colonies and feeding grounds to
the north. First, we found clear evidence of a positive
relationship between the distance to sea-ice edge and
temporary emigration rates (meanbkUDist¼0.04; 95%CI¼
[0.01, 0.07]; Table 1). As predicted, females were less
likely to attend colonies when there was more sea ice
locally, and the rate of temporary emigration doubled
(from 0.04 to 0.08) when the distance to sea-ice edge
increased from its mean to;1 SD above its average
value (Fig. 1). Regarding the sources of individual
variation, we found that the probability of temporary
emigration was also influenced by the age, the previous
reproductive state, and the identity of an individual.
There was a clear curvilinear relationship between age
and temporary emigration probability (Table 1, Fig. 2):
the youngest and oldest females were more likely to stay
outside the study area when not rearing a pup.
Moreover, first-time breeders and females in the
unobservable state were the two groups most likely to
temporarily emigrate the following year. Finally, the
magnitude of residual individual variation, after ac-
counting for age and reproductive states, appeared to be
relatively large: its value was indeed about twice as large
as that of residual annual variation (Table 1) and at least
as large as the amount of individual variation in
reproductive rates (Table 1), which has itself been
shown to be important (Chambert et al. 2013). This is
a clear indication that some females are inherently more
likely to stay outside the study area than others, after
their age and previous reproductive status are accounted
for. To summarize, evidence from the data supported

our prediction that temporary emigration rates would

(1) be higher when local sea-ice extent was larger and (2)

differ among individuals, with females in poorer

condition (young and old females, first-time breeders)

being more likely to remain outside the breeding area

during the reproductive season than others.

TABLE 1. Posterior summaries of estimated model parameters for temporary emigration and reproduction, as well as annual
survival, in Weddell seals (Leptonychotes weddellii) in the Ross Sea, Antarctica.

Parameter or state Temporary emigration Reproduction Survival probability

A) Principal transition parameters

Average value (l) 0.04 [0.03, 0.07] 0.71 [0.65, 0.76]
DistEdge effect (bDist) 0.04 [0.01, 0.07] 0.02 [0.07, 0.02]
Age effect (c1) 0.11 [0.03, 0.20] 0.11 [0.18, 0.05]
Age effect (c2) 0.12 [0.05, 0.21] 0.14 [0.20, 0.08]
Individual SD (ra) 0.06 [0.03, 0.09] 0.13 [0.11, 0.15]
Scaled value ofra 0.28 [0.17, 0.43] 0.28 [0.23, 0.34]
Annual SD (rg) 0.03 [0.02, 0.05] 0.10 [0.07, 0.14]
Scaled value ofrg 0.14 [0.08, 0.23] 0.21 [0.14, 0.32]

B) State-specific transition

From state F 0.08 [0.04, 0.13] 0.57 [0.49, 0.65]
From state E 0.04 [0.02, 0.06] 0.70 [0.65, 0.75]
From state S 0.02 [0.01, 0.03] 0.78 [0.73, 0.83]
From state U 0.06 [0.03, 0.10] 0.75 [0.68, 0.81]

C) Annual survival

Average value 0.91 [0.91, 0.92]
State E 0.89 [0.88, 0.90]
State F 0.92 [0.90, 0.94]
State S & U 0.93 [0.91, 0.94]

Notes:For ease of interpretation, all parameter values are transformed back on the original scale of a probability (i.e., [0, 1]). The
values in brackets correspond to the 2.5% and 97.5% limits of a 95% posterior distribution credible interval. (A) Posterior
summaries of the principal parameters associated to probabilities of transition in state U (temporary emigration) and state E
(reproduction) with corresponding Greek symbols in parentheses (seeMethods). Note that the two parameters of the age effect
correspond to the first- (c1) and second-order (c2) parameters of the quadratic trend. (B) Posterior summaries of state-specific
transition parameters, i.e., transition probabilities to state U and E, given that a female was in a given state at timet 1. (C)
Posterior summaries of the average and state-specific annual survival probabilities.

FIG. 1. Estimated relationship between probability of
temporary emigration of Weddell seals (Leptonychotes weddel-
lii) and distance to sea-ice edge in the study area in Erebus Bay,
southwestern Ross Sea, Antarctica. The black solid line
represents the average trend, while black dotted lines corre-
spond to the 95% credible interval, all obtained through
posterior distribution sampling. The rug on the x-axis
represents the actual data for the ‘‘distance to ice edge’’
covariate (for conversion to SI units, 1 nautical mile¼1.852
km).
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Our findings relating probability of reproduction to

past states, age, and environmental conditions were a

mixture of results that corroborated past results,

contradicted some of our predictions, and provided

novel insights. First, the estimated effect of age and the

magnitude of annual and individual variation (Table 1)

were identical to those found in a previous study

(Chambert et al. 2013). For this reason, they are not

further developed here. Second, contrary to our

predictions, we found very weak support for a relation-

ship between distance to sea-ice edge and probability of

reproductionbkEDist¼ 0.02; 95%CI¼[0.07, 0.02]). This

result, which is in contrast to what was found for

probability of temporary emigration, further suggests

that extensive sea ice does not inhibit movement,

because females producing a pup are able to access

colonies as usual. Finally, the estimated reproduction

probability for females that were in state U in the

preceding year was similar to that for females that were

in state S, much higher than the estimated rate for

females that were first-time breeders the year before, and

slightly higher than that for females that were in state E

(Table 1). This result confirms the existence of a cost of

current-year reproduction to next year’s chance of

reproduction (Chambert et al. 2013).

DISCUSSION

This study investigated patterns of individual and

environmental variation in colony attendance and their

consequences for future reproduction in adult female

Weddell seals on sabbatical from pup production. We
used comprehensive, long-term data from a philopatric
population breeding in Erebus Bay, Antarctica. We
found that, each year, most non-pupping females
(;86%) were present in colonies, revealing the existence
of strong motivations, not related to giving birth, for
attending the breeding grounds. We hypothesize that
such motivations are linked to predator avoidance and
reproductive social interactions. In the pack ice and
other areas close to open water, adult Weddell seals are
exposed to predation from orcas (Orcinus orca; Pitman
and Durban 2012). Thanks to its reliable fast ice that
usually lasts the entire spring season, Erebus Bay
probably represents the safest haul-out shelter for
Weddell seals in the Ross Sea (Testa 1994). Avoidance
of predators can be an important motivation for such
seasonal movements (e.g., Brodersen et al. 2008) and, in
our case, this hypothesis is further supported by the
negative relationship observed between colony atten-
dance and distance to sea-ice edge, which probably
reflects sea-ice conditions in the southwestern Ross Sea
region. When regional sea-ice extent is low, southerly
located Erebus Bay becomes one of the only places free
of predators, which would explain the observed increase
in attendance rates. Such a mechanism is also evidenced
by the fact that years of higher attendance of locally
born seals also tend to be years when more immigrants
are observed in the study area (Chambert et al. 2012).
On the other hand, when sea ice is extensive, there is less
pressure to travel so far from foraging locations to find
refuge, because predator-safe locations are also available
farther north. Similar adaptations of habitat use to
current predation risk level, in balance with other
requirements, have been shown for many species (Lima
and Dill 1990) in terrestrial (Abramsky et al. 1996),
freshwater (Brodersen et al. 2008), and marine environ-
ments (Heithaus and Dill 2002). Regarding social
motivations for attending colonies when not giving
birth, we think that male choice and mating play a
primary role. Weddell seals are polygynous and have a
mating system similar to lekking, in which males defend
underwater territories inside breeding colonies (Siniff et
al. 1977). The evolution of such reproductive systems in
the animal kingdom is generally associated with
assessment of male quality by females (Balmford
1991), and it is likely that, by attending colonies, females
enhance their chances of mating with the males of higher
quality. Besides mating, prolonged attendance on
breeding grounds of non-lactating females could also
be linked to social facilitation of estrus synchronization.
This mechanism has been suggested previously for
young females not yet recruited to the pup-producing
portion of the population (i.e., pre-breeders; Stauffer et
al. 2014). Social facilitation of ovulation synchroniza-
tion occurs in some ungulates (Iason and Guinness
1985); in combination with delayed embryo implanta-
tion, it can be a critical factor for species living in
seasonal environments, where there usually is a strong

FIG. 2. Estimated relationship between the probability of
temporary Weddell seal emigration and the age of a female seal.
The black solid line represents the average trend; black dotted
lines correspond to the 95%credible interval. These curves were
obtained through posterior distribution sampling. The gray
histogram under the curve represents the distribution of data
available for each age, from the sample of 1098 females
available. Note that each female can contribute to more than
one age category.
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selective pressure for the timing of birth dates to
coincide with a period of favorable conditions (Lack
1968). Such selective pressure is certainly very strong in
polar regions, and birth synchrony is known to occur in
Weddell seals (Proffitt et al. 2010) and other Antarctic
pinnipeds (Boness and Bowen 1996). For these species,
social facilitation of estrus synchronization can thus be
an important motivation for aggregating in colonies
during the breeding season, even when not giving birth
to a pup. This hypothesis could be further assessed by
investigating potential differences in the synchronization
of parturition dates, in yeartþ1, between females that
were temporarily emigrated the previous year and those
that were not.
The probability of reproduction for females that did
not attend colonies in the previous year was similar to
that for skip-breeders that attended colonies, indicating
that temporary emigrants do not suffer the reproductive
cost displayed by breeding females. This result further
supports our assumption that locally born females
usually do not give birth outside Erebus Bay. This
result also indicates that temporary emigration does not
reduce the chances of mating with a male or a female’s
ability to produce a pup in the following season.
Females that temporarily emigrated from Erebus Bay
in a given pupping season might be inseminated by
males from a different area. For instance, in southern
elephant seals (Mirounga leonina), it has been suggested
that skip-breeding and colony avoidance could be an
active female strategy to mate with males outside
established harems (de Bruyn et al. 2011). Alternatively,
these females might still be bred inside Erebus Bay after
arriving later in the pupping season when most pups
have weaned and our population surveys have already
ended. From this result, we might also wonder whether
there is any benefit from not attending colonies, such as
easier access to food resources, given that there is no
direct apparent advantage in terms of reproductive
rates. In fact, such benefits might exist, but also be
counterbalanced by the fact that females remaining
outside colonies are in poorer condition. This idea is
supported by our findings about individual and envi-
ronmental effects (as we will discuss). In combination
with the observation that most non-lactating females
still chose to attend colonies every year, this result
supports our hypothesis that, for this species, temporary
emigration is not an optimal strategy for females in good
condition, but instead, a condition-dependent strategy
primarily displayed by seals that cannot afford to attend
colonies. It has been shown that temporary emigration is
the primary factor explaining interannual variation in
local colony size for this population (Chambert et al.
2012), but the long-term demographic consequences of
multiple occurrences of temporary emigration should be
further assessed.
Our findings on individual variation support the idea
that temporary emigration is mainly displayed by
individuals in suboptimal condition. Indeed, the rate

of occurrence of this behavior is highest for (1) young
and first-time mothers, which tend to be smaller and
carry fewer body reserves (Proffitt et al. 2007), and (2)
older females, which are usually in poorer body
condition due to physiological senescence (Hindle et
al. 2009). This pattern is probably driven by the
necessity for such females to remain closer to good
foraging areas. When food resources around breeding
grounds are very limited, as is probably the case in
Erebus Bay, it is common for animals in poor body
condition or for subdominant individuals to be forced to
temporarily leave the area. These two principles are,
respectively, the foundation of the body size hypothesis
and the dominance hypothesis of partial migration
(Ketterson and Nolan 1983). Such mechanisms have
been described mainly in birds (e.g., Jahn et al. 2010),
but similar processes probably exist for colonial
pinnipeds. For female Weddell seals with insufficient
body fat reserves, it might indeed be challenging to
spend several weeks in colonies with no or limited food
resources. Furthermore, this challenge is probably
amplified by strong intraspecific competition inside
colonies and the potential for these very limited
resources to be quickly depleted by dominant or
higher-quality individuals (Testa et al. 1985). These
two factors could motivate females in poorer condition
to remain away from colonies, even if some other cost
(e.g., exposure to predation) is involved. This ‘‘poorer
condition’’ hypothesis could be further evaluated by a
comparison of the timing of molting between females
that attended colonies and those that did not. Indeed, if
females that were temporarily emigrated in a given year
spent more time foraging and less time hauled out, they
would be expected to molt later and at a slower pace
than females in better conditions.
Alternatively, higher temporary emigration rates of

young and old females could be directly due to
limitations in their ability to navigate under extensive
sea ice to access breeding colonies. This hypothesis is
also in accordance with the positive correlation found
between probability of temporary emigration and the
extent of ice between ice-free water and breeding
colonies. Although Weddell seals are good divers and
well adapted to living under consolidated sea ice
(Stirling 1969b), their diving abilities are restricted by
physiological and morphological constraints when
young (Kooyman 1966, Burns et al. 1999), and by
muscular senescence when old (Hindle et al. 2009).
Moreover, the ability of young and old individuals to
make their own breathing holes, and thus navigate
under sea ice, might be hampered by the condition of the
internal structure of their teeth (dentine), which is still
developing in younger seals and can be worn out after
many years of use in older seals (Stirling 1969a). In years
when local sea ice is particularly extensive, there might
be a real cost for old and young individuals to commit to
the long swim required to access colonies. These
mechanisms could act in parallel or synergy with the
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hypothesized influence of sea-ice extent on predation
avoidance discussed previously. The investigation of
interactions between annual sea-ice extent and individ-
ual age, which was not feasible here because of data and
computational time constraints, would provide interest-
ing insights to further address and disentangle these
hypotheses. Furthermore, when traveling under exten-
sive sea ice, Weddell seals depend heavily on breathing
holes, where the chance of being exposed to aggressive
interactions with conspecifics is high (Davis et al. 2013).
Such intraspecific conflicts could thus further hamper
the access of weaker competitors to colonies. These
types of intraspecific conflicts are expected to be
amplified at higher population density, as shown in
other pinniped species (Fernández-Juricic and Cassini
2007) and some terrestrial mammals (Long et al. 2008).
For this population of Weddell seals, an influence of
population density on temporary emigration has been
suggested for pre-breeders (Stauffer et al. 2014), but the
underlying mechanisms remain unknown.
Besides the influence of age and reproductive status
on temporary emigration rates, we also found a
substantial amount of residual heterogeneity, captured
here as random effects. The investigation of individual
heterogeneity in reproductive and survival rates in wild
populations is a topic of growing interest to ecologists
(Tuljapurkar et al. 2009, Cam et al. 2012, Chambert et
al. 2013), and ours is the first study to investigate this
aspect for temporary emigration. The strong pattern of
heterogeneity that we found could reflect different
behavioral strategies, butalso intrinsic individual
differences in physiology or physical condition (Ogo-
nowski and Conway 2009), dominance ranking (Jahn et
al. 2010), personality traits (Dall et al. 2004), or other
types of genetic or phenotypic ‘‘quality’’ (Lailvaux and
Kasumovic 2011) that might translate into individual
differences in competitive, diving, or foraging abilities.
For instance, some females might be consistently less
efficient at acquiring food and building body reserves,
and might therefore be constrained more regularly to
remain outside colonies to lengthen their period of
foraging. Some females might also be inherently less
aggressive, making them weaker competitors for access
to breathing holes and local food sources.
Overall, our results confirm that temporary emigra-
tion patterns in adult female Weddell seals that are on
sabbatical from pup production are affected by both
individual and environmental conditions, similarly to
what was found for pre-breeder Weddell seals (Stauffer
et al. 2014). An individual’s decision to attend colonies
or not during the pupping season is likely to result from
trade-offs between different costs and benefits associated
with predation risk, social interactions, food access, and
physiological and environmental constraints. Although
colony attendance seems to be the logical choice for
most females, temporary emigration probably represents
a behavioral mechanism that helps individuals in
suboptimal condition buffer survival against environ-

mental challenges. Maximizing the chance of survival to
the next reproductive season is indeed the most
important component of fitness in this long-lived species
(Rotella et al. 2012). Similar condition-dependent
strategies of movements and habitat choices have been
shown in many vertebrates (Clobert et al. 2009),
including colonial birds (Cristol et al. 1999), cyprinid
fishes (Brodersen et al. 2008), and several pinnipeds
(gray sealsHalichoerus grypus, Austin et al. [2004];
northern elephant sealsMirounga angustirostris, Stewart
[1997]). Temporary and non-obligate animal movements
have been attracting interest in the ecological literature
for some time (Ketterson and Nolan 1983) and they are
still being intensively investigated to help understand a
variety of fundamental ecological and evolutionary
processes (Cristol et al. 1999, Boyle 2008). Additionally,
a better understanding of the mechanisms determining
animal movements and habitat use could also prove to
be important to efficient science-based conservation
programs (Moore et al. 1995, Harrington et al. 2002).
The rapid development of telemetry tracking devices, in
combination with the improvements of analytical
methods for both monitoring and telemetry data, should
facilitate major advances in our understanding of this
important topic in ecology.
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distance migration: evolution and determinants. Oikos 103:
247–260.
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