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INTRODUCTION

Climate change is a major concern in Antarctic
ecosystems. In recent years, the El Niño Southern
Oscillation (ENSO) has shown increasing frequency
and intensity of warm (El Niño) events (Watkins & Sim-
monds 2000) and now the role of ENSO forcing is well
documented for physical parameters in the Southern
Ocean (Kwok & Comiso 2002). Other large-scale phys-
ical phenomena seem to be changing in response to
greenhouse gases and ozone depletion; the Southern
Annular Mode, for example (Watkins & Simmonds
2000). Such change in the physical environment neces-
sarily affects resident species. However, continuous or

regular observations over long time intervals (years
and decades) are required to characterize such
changes, given natural, high levels of background
oscillation (White & Peterson 1996, Turner 2004).

In this context, long-term studies of land-based (and
thus readily accessible) marine predators are ex-
tremely valuable. In Antarctica, long time-series obser-
vations include Weddell seals Leptonychotes weddelli
at both the Vestfold Hills (68° 33’ S, 78° 15’ E) and
McMurdo Sound in the Ross Sea (77° 44’ S, 166° 30’ W)
(Green et al. 1995, Cameron & Siniff 2004); also Adelie
penguins Pygoscelis adeliae in the Ross Sea; and
southern fulmars Fulmarus glacialoides, snow petrels
Pagodroma nivea and emperor penguins Aptenodytes
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by pre-empting unsuccessful attempts. We propose terminating pregnancy is the Weddell seal’s pri-
mary physiological mechanism to endure and buffer fluctuations in the environment. The time-series
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forsteri at Terre Adélie (66° 30’ S, 141° 01’ E) (Woehler
et al. 2002). Monitoring single-predator populations
has potential to show changes over time in demo-
graphic rates, which are in themselves quantitative
measures of population status. As part of a suite of
parameters from various populations, the same time
series may provide ‘snap-shots’ of the state of the envi-
ronment. Ultimately, simultaneous interpretation of
multiple time series could provide a basis for ecosys-
tem models (Constable et al. 2003).

This approach to ecosystem monitoring is conceptu-
ally focused on the predator’s ‘perspective’ of the envi-
ronment (Fraser & Hofmann 2003). Nevertheless, there
are many examples where Antarctic predator time
series are congruent with large scale physical phenom-
ena (e.g. Whitehead et al. 1990, Testa et al. 1991, Crox-
all et al. 2002, Fraser & Hofmann 2003, Jenouvrier et al.
2003, 2005). In the Southern Hemisphere, it is common
for signals of reduced productivity to coincide with El
Niño events (Trillmich & Ono 1991). One of the first
studies to propose such a link cited a reproduction time
series from Weddell seals in McMurdo Sound (Testa et
al. 1991). A decade later, scientists documented ENSO
forcing of physical parameters in the Southern Ocean
(Kwok & Comiso 2002). It is this type of inference, later
confirmed by clear and convincing observations, that
led Chavez et al. (2003) to conclude that physical
regime shifts in the ocean may even be best deter-
mined by monitoring marine organisms.

Weddell seals at the Vestfold Hills have been moni-
tored by tag and re-sight since 1973 (Green et al.
1995). Typically, the species gives birth to a single pup
and breeds (births and lactates) in colonies in an
annual pulse. The proportion of reproductively mature
(parous) females that produce pups in any specific year
(reproductive rate) has already been recognized as
highly variable and a potentially sensitive indicator of
maternal condition and thus foraging success (Siniff et
al. 1977, Croxall & Hiby 1983, Testa & Siniff 1987,
Testa et al. 1990, 1991, Hastings et al. 1999). Also
referred to as breeding probability, reproductive rate
combines mating, conception, delay, implantation,
gestation, birth, and survival until pups are tagged as
neonates 3 to 14 d old. To evidence the state of the
environment, it makes sense to monitor vital rates that
vary through time and are likely tied to environmental
conditions via energetic constraints.

In the past, quantifying reproduction has been prob-
lematic. Early reports used only a simple method, esti-
mating the proportion of females in breeding state
based on a ratio of parous females sighted with and
without pups. Those studies recognized the potential
for bias because females with pups remained on the ice
surface near-continually and thus had higher re-sight
potential than females in non-breeding state (Testa et

al. 1990). Now, multi-strata modeling methods exist
that quantify reproductive rate with CI, whilst account-
ing for inter-annual and breeding state-specific varia-
tion in re-sight and survival probabilities (Nichols et al.
1994). Lake (2007) and Hadley et al. (2007) both use
these methods to estimate reproductive rate of Wed-
dell seals. Here, we use multi-strata models to estimate
survival and reproductive rates of Weddell seals at the
Vestfold Hills (Lake 2007) and compare the time series
with Hadley et al.’s (2007) results for Weddell seals at
McMurdo Sound.

Multi-strata models can pertain to costs of reproduc-
tion; costs of reproduction are the energetic trade-off of
producing a pup and may include lower probability of
surviving and/or reproducing the following year
(Stearns 1992). Hadley et al. (2007) found evidence of
3% lower survival the year after reproduction and
inferred Weddell seal life history on that basis. We use
the independent data set from the Vestfold Hills to val-
idate their conclusions. Costs to future breeding prob-
ability are also important to evaluate because the pres-
ence or absence of those costs reveals the temporal
window over which reproductive rate is determined.

In summary, this study uses multi-strata models to
quantify survival and reproduction of Weddell seals
marked and re-sighted at the Vestfold Hills from 1973
to 2000. We evaluated costs of reproduction with
regard to life history strategies and the potential for
reproductive rate to be used as a temporally precise
indicator of foraging success. Survival and reproduc-
tive rates in themselves are quantitative measures of
the status of the population. With sufficient knowl-
edge, the time-series can be used to detect change in
specific aspects of the Antarctic marine environment.

MATERIALS AND METHODS

Tag and re-sight program. For this study it was a
requirement that each parous female have permanent
marks or a series of marks that were readily identifi-
able and readable, and that did not alter the long term
behaviour of the seal such that its chances of survival
or re-sight were different from the norm. To this effect,
all female Weddell seals encountered with pups at the
Vestfold Hills were tagged in the webbing of both hind
flippers each year from 1973 until 2000, except in 1997
when there was no tagging or re-sighting of seals
(Table 1). Most were tagged with Dalton Jumbo Roto-
tags, which have low rates of loss (Cameron & Siniff
2004). Exceptions were in the initial years of study,
when other types of tag were trialed, and some pups
were released with only 1 tag. In total, 3 different types
of tag were used to mark adult females. These were
(1) aluminum tags, which were small and difficult to
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read (n = 1200), (2) plastic Allflex tags, which were
large and had low retention rates (n = 600), and
(3) plastic Dalton Jumbo Rototags, which were big
enough to read and also had high retention rates (n =
20 900) (Cameron & Siniff 2004). Dalton Jumbo Roto-
tags were used from 1974 onward and exclusively after
1980.

Weddell seal breeding season is approximately 2 mo
long, from October to December each year. Our aim
was to conduct 3 surveys of the Vestfold Hills study
area per breeding season. The study area on the coast
of Prydz Bay was bounded by the Sörsdal Glacier to
the south, McCally Rocks to the north, the continental
land mass to the east and the fast-ice edge to the west
(Fig. 1). Females in the main colonies in Long Fjord
and the Tryne area were re-sighted both during sur-
veys and pup tagging sessions. Ground searches were
conducted throughout fjords and bays for individuals

and smaller groups. Where possible, helicopters were
used to locate seals on areas of fast ice offshore of the
land mass. Once a group’s location was recorded from
the air, researchers returned to the site by ground
vehicle. Each seal encountered was checked for tags
and if present, then records were made of tag colour,
tag number, seal sex, association with pup, and grid-
square location (resolution 0.65 km2).

Timing of the first survey each year varied due to
logistical constraints. Similarly, effort tagging and re-
sighting varied from year to year due to personnel and
logistics (Green et al. 1995). In 1973 and 1974, 316
parous females were tagged (Table 1). Between 40 and
60 of those females were re-sighted per year over the
next 3 yr (1975 to 1977) and tagging methods were
refined accordingly. More than 500 parous females
were marked in the next 5 yr (1978 to 1983), by which
time the majority of the population had been tagged
and less than 40 parous females per year required
marking subsequently in the program. From 1980,
females marked as pups began recruiting into the
breeding population. In summary, the dataset con-
sisted of 1368 parous females of which 1138 were
marked as adults.

Data analysis. Multi-strata models use encounter
histories of individual seals to quantify the probability
of encountering individuals in a given breeding state.
Whereas standard encounter histories code presence
or absence of individuals each breeding season, multi-
strata encounter histories categorise presence into dif-
ferent levels of breeding state and in this way describe
the pattern of breeding for each individual over time.
Thus, breeding is modeled as an annually variable
phenotypic trait, with each female changing breeding
state over time analogous to moving between physi-
cally discrete areas. Importantly, the model expresses
the probability of encounters allowing for the uncer-
tain state of animals when they were not re-sighted.

Typically, mark and re-sight models divide the prob-
ability of encountering an individual in terms of (1) the
probability that an animal survived and remained in
the study area between samples i and i + 1 (φi), and (2)
the probability that an animal was encountered during
sample i , conditional on its being alive and in the study
area at the time of the sample (pi). Multi-strata models
include a third parameter (ψi

st), representing the prob-
ability that an animal alive and in state s at time i , and
which survives the interval between samples i and i +
1, is in state t at the time of sample i + 1 (Nichols et al.
1994). We define state s as breeding and state t as non-
breeding. In the base model, breeding probability fol-
lows a first-order Markov process in that the probabil-
ity of breeding at time i + 1 depends on breeding state
at time i . Therefore, reproductive rate is defined as the
probability of being in state s at time i + 1, conditional

261

Year Long Fjord Tryne area Total Total
KA UKA KA UKA new sighted

1973 0 123 0 11 134 134
1974 0 97 0 85 182 225
1975 0 1 0 0 1 62
1976 0 0 0 0 0 40
1977 0 1 0 0 1 57
1978 0 93 0 41 134 186
1979 0 52 0 66 118 233
1980 2 26 1 24 53 120
1981 2 31 0 34 67 164
1982 3 31 2 45 81 188
1983 5 24 1 50 80 261
1984 4 8 0 1 13 137
1985 3 6 0 14 23 137
1986 1 6 0 22 29 157
1987 14 9 1 7 31 179
1988 3 9 1 19 32 171
1989 9 4 7 15 35 184
1990 14 11 1 1 27 163
1991 4 3 5 3 15 154
1992 11 7 7 9 34 161
1993 13 8 0 5 26 142
1994 13 0 4 7 24 153
1995 14 4 0 10 28 140
1996 20 15 7 38 80 180
1997 0 0 0 0 0 0
1998 14 11 4 11 40 167
1999 16 2 8 11 37 173
2000 12 10 3 18 43 177

Total 178 591 52 547 1368 4326

Table 1. Leptonychotes weddelli. Number of known-age (KA)
and unknown age (UKA) females newly marked and parous
each year in Long Fjord and the Tryne area, and the total
number of parous females marked and re-sighted. KA ani-
mals were marked at birth whereas UKA animals were
marked usually as parous females. Parous is defined as 

sighted at least once in breeding state
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on surviving from time i to i + 1. Importantly, these
methods estimate breeding probability as a function of
breeding state the previous year; reproductive rate is
the probability of non-breeding animals breeding—
and breeding animals breeding again—in consecutive
years.

Model structure. We developed a set of models a
priori that evaluated each variable of interest using
nested models. We began by determining the best
model for re-sight rates, then survival, then reproduc-
tive rate, consistent with the order in which these para-
meters are conditioned. Prior to evaluating terms, we
ascertained that the full model φ (first × time × area ×

state) p (time × area × state) ψ (time × state) had 300
identifiable parameters, which was 13.7% of the effec-
tive sample size of 4112 observations and, thus, was
considerably over-parameterised. To reduce the num-
ber of parameters, a base model was adopted in which
survival depended on additive effects, i.e. φ (first +
time + area + state) p (time × area × state) ψ (time ×
state). The additive base model had 184 parameters
and an Akaike’s Information Criterion incorporating
deviance and number of parameters, corrected for
sample size (AICc, Burnham & Anderson 1992)
reduced by 104.3 units (Table 2); thus, regarded as a
collection, there was no support for interaction terms
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Fig. 1. Leptonychotes weddelli. Mark and re-sight study area at the Vestfold Hills. Top panel shows the study area in relation to
Prydz Bay (bathymetry indicated by shading). Bottom left panel shows the study area in the context of the Antarctic continent and
in relation to the other mark and re-sight study at McMurdo Sound. Bottom right panel details the distribution of breeding sites 

observed at the study area in relation to the grid square map by which locations are recorded in the field
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and the additive form of the survival model was used
as a base model for evaluating terms.

Models were compared on the basis of the observed
deviance and AICc. In general, smaller deviance and
AICc indicated the term improved model fit and a dif-
ference in AICc <–2 or >2 indicated significant effect.
Akaike model weights (wi) were used to assess the
most likely configurations. Multi-strata models often
have multi-modal likelihood functions, so a simulated
annealing algorithm incorporated in Program MARK
(www.cnr.colostate.edu/~gwhite/mark/mark.htm) was
used with different starting values to find the global
maximum.

Covariates. The dataset included all parous (repro-
ductively mature) females tagged at the Vestfold Hills.
Most of these females were marked as adults with
pups, rather than as pups, so they were of unknown
age. Since females with pups were marked preferen-
tially and at random, we assumed that the sample was
representative of all age groups in the breeding popu-
lation. The area used for breeding was specified for
each individual because there were separate groups of
Weddell seals within the Vestfold Hills. Area was
treated as a time invariant covariate because Weddell
seals tend to be faithful to each of these areas for
breeding (Green et al. 1995).

In the model for re-sight rates (p), it was known a pri-
ori that re-sight effort varied over time and between
Long Fjord and the Tryne area. Hence the re-sight
model was stratified by time and area and only the
term for breeding state was evaluated. Evaluating this
term tested for different re-sight probabilities in differ-
ent breeding state.

In the model for survival probability (φ), parameters
for temporal variation were evaluated to test for inter-
annual variation in survival rates. A term for area was
included to control for different degrees of survival and

also fidelity to the breeding areas (emigration). A term
for breeding state was evaluated to test for survival
costs of reproduction. We included an indicator vari-
able to distinguish between females that were marked
in the current year and those marked in previous years
because, considering reproductive rate as a summary
of the behaviour of site-faithful individuals, estimates
should be independent of transient seals. In this con-
text, transient is defined as seals that suckled a pup in
the Vestfold Hills area, but did not integrate into 1 of
the 2 groups of females that repeatedly occupied the
area for breeding. All observations of marked, parous
females were included in the dataset and the term for
first and subsequent years tagged and parous was
specified to account for transient seals or seals that
failed to retain new tags.

In the model for reproductive rate (ψ), parameters for
inter-annual variation were evaluated to test for
changes over time in the proportion of females with
associated pups. A term for breeding state was evalu-
ated to test for reproductive costs of breeding the pre-
vious year. Area and years since tagging were not
included as covariates in the model for reproductive
rate because our specific interest was obtaining a time
series representative of the population. Furthermore,
whilst there may have been fine-scale heterogeneity
associated with these variables, interpretation of that
heterogeneity in reproductive rate would have been
limited because most females were tagged as adults of
unknown age and history.

Describing effect size. Individual- and time-specific
effect sizes were estimated using the logit link function
and linear models (Neter et al. 1990). Thus effect sizes
were reported as exp (β2), i.e. the amount by which the
odds of e.g. survival are multiplied for a 1 unit change
in the explanatory variable, e.g. breeding state. An
odds ratio of 1.0 was no effect. An odds ratio of 1.1 indi-
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# Model AICc ΔAICc Npar Deviance wi

1 φ (First + Time + Area + State) p (Time × Area + State) ψ (Time) 11859.79 0 107 6158.66 0.624
2 φ (First + Time + Area + State) p (Time × Area + State) ψ (Time + State) 11860.80 1.011 108 6157.57 0.376
3 φ (First + Time + Area) p (Time × Area + State) ψ (Time × State) 11877.14 17.35 131 6125.10 0.000
4 φ (First + Time + Area + State) p (Time × Area + State) ψ (Time × State) 11879.20 19.42 132 6125.03 0.000
5 φ (First + Time + Area + State) p (Time × Area) ψ (Time × State) 11884.15 24.37 131 6132.11 0
6 φ (Time + Area + State) p (Time × Area + State) ψ (Time × State) 11898.03 38.24 131 6145.99 0
7 φ (First + Time + Area + State) p (Time × Area × State) ψ (Time × State) 11898.80 39.01 184 6032.10 0
8 φ (First + Time + State) p (Time × Area + State) ψ (Time × State) 11923.55 63.77 131 6171.51 0
9 φ (First + Time + Area + State) p (Time × Area + State) ψ (State) 11932.98 73.19 83 6282.16 0
10 φ (First + Area + State) p (Time × Area + State) ψ (Time × State) 11980.46 120.67 108 6277.23 0
11 φ (First × Time × Area × State) p (Time × Area × State) ψ (Time × State) 12003.13 143.35 300 5874.39 0

Table 2. Model-fitting summary, where interaction effects (×) and main effects (+) of various terms in the models of survival (φ),
re-sight (p) and breeding probability (ψ) were quantified with regard to Akaike’s Information Criterion, corrected for sample size
(AICc), number of parameters (Npar), deviance and weight of support (wi) for the model referred to in the text by model 

number (#)
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cates that the odds increased by 10%. In this way, the
effect of each variable was described prior to conver-
sion from the logit scale and independent of the level
of other variables. Lack of surveys in 1997 was incorpo-
rated in the survival model by specifying a double
(2 yr) time interval from 1996, and taking the square
root of the 1996 estimate as the average rate for both
1996 and 1997.

Qualifiers: tag loss and emigration. Apparent sur-
vival rates are reported uncorrected for tag loss or emi-
gration. For these reasons, the probability of surviving
from year to year could have been underestimated,
especially in the initial years of the program, when tags
were newly inserted, seals had fewer tags, and various
types of tag were being trialed. Throughout the pro-
gram, attempts were made to replace lost tags, espe-
cially in Long Fjord, where there was greater re-sight
effort. Retagging was done often by surprise, rather
than using physical restraint, and so a thorough check
of the flippers was not made prior to tagging. Some
animals did eventually have 3 or 4 tags. Not every tag
was read at each re-sight occasion because that was
difficult if the animal was active and not necessary to
identify individuals. These incomplete records of tag-
ging status make it impossible to define the precise
date that each tag went missing and thus calculate
rates of tag loss. For Weddell seals at McMurdo Sound,
the probability of loss of single Jumbo Rototags has
been estimated to be 0.001 to 0.05 per year and the
rate of loss may have increased after several years
(Cameron & Siniff 2004).

RESULTS

Combined, the best 2 models (#1 and #2, Table 2)
received 100% of the support (combined wi = 1.000).
Both models had additive effects of first capture, time,
area and state on survival probability, and re-sighting
rates that varied in parallel between the 2 breeding
states but that otherwise differed over time with the
pattern of temporal variation in re-sight rates differing
among areas. In the model receiving majority support
(#1, wi = 0.624) the transition probability between
breeding states was just time-dependent. In the sec-
ond best model (#2, wi = 0.376) the transition probabil-
ity was also dependent on previous breeding state. As
the combined model weights were less than 0.001 for
all remaining models (#3 through #11), our data pro-
vide no support for interactions between effects of first
capture, time, area and state on survival probabilities;
no support for an interaction effect of breeding state on
time and area in re-sighting probabilities; and no sup-
port for the interaction effect of time on breeding state
with regard to breeding probability. Lower-ranking

models are considered below, where appropriate, to
quantify the effect of each specific term by nested
models.

Re-sight probability

Re-sight rates differed between breeding and non-
breeding state (#4 and #5). The odds ratio of 3.12 (95%
CI 1.38 to 7.60) indicates odds of re-sighting breeding
animals were from 1.4 to 7.6 times higher than non-
breeding animals, which translated to approximately
21.9% greater average probability of re-sighting
females when they were in breeding state.

It was known, a priori, that search effort varied over
time and area. Thus these terms with interaction
effects were included in the base structure of the re-
sight model. Long Fjord females (in breeding state)
had several years of re-sight rates less than 80% and
then high, relatively constant, probability of re-sight
post 1986 for the rest of the study (Fig. 2, top). In the
Tryne area, re-sight rates were more variable, often
less than 60% and exceeding 80% in only 3 yr (Fig. 2,
bottom).

Survival probability

The odds ratio with 95% CI of newly tagged breed-
ers surviving (#4 and #6, Table 2) was 0.55 (CI: 0.43 to
0.70), which translates to an average 11.3% (constant
on the logit scale) lower apparent survival in the first
year compared to subsequent years tagged and
parous. Different rates of apparent survival in newly
tagged and parous seals, compared to established
breeders, could have been due to different rates of tag
loss or emigration as well as real differences in rates of
survival.

The odds of animals in the Tryne area surviving (#4
and #8, Table 2) was 0.60 (CI: 0.52 to 0.70) times that of
animals in Long Fjord. This translates to an average
7% lower apparent survival in the Tryne area. Again,
this could have been due to different rates of perma-
nent emigration or different rates of tag replacement,
as alternatives to real differences in survival.

The temporal trend was for relatively low and vari-
able survival rates in the first few years of the program
(Fig. 3). Considering that prior to 1980 many animals
were newly tagged (Table 1) and that various types of
tags were being trialed, temporal variation in apparent
survival at that stage was most likely due to tag loss as
opposed to real shifts in survival rates. Post 1982,
survival rates were relatively high and stable.

Regarding the term for breeding state (‘state’) in the
survival model (#3 and #4, Table 2), despite the differ-
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ence in AICc being 2.06, the change in deviance be-
tween these nested models was very small (0.07), indi-
cating that the addition of state to survival probability
makes little difference to the fit of the model. By way of
confirmation, the odds ratio was close to 1 (1.04), with
CI either side of parity (0.77 to 1.17). These CI indicate
that the effect of breeding activity could be anywhere
from a 23% reduction to a 17% increase in survival
probability. The term for breeding state was retained
in the base model for a conservative set of model com-
parisons because the term had minimal effect on
model fit.

Breeding probability

In the model parameterising breeding probability,
the interaction term between breeding state and time
was rejected (#2 and #4, ΔAICc = 18.4, Table 2). The
term defining previous breeding state was not signifi-
cant (#1 and #2, ΔAICc =1.01, Table 2). Whilst the
model including the term ranked second and was
weighted as reasonably likely, the odds ratio (0.88,
which translates to an effect size of more than 10%)
had CI either side of parity (0.70 and 1.11) and the top
ranking model did not include this variable. We con-
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Fig. 2. Leptonychotes weddelli. Re-sight probability of parous females in breeding state in Long Fjord (top) and the Tryne area
(bottom) with upper and lower 95% CI as estimated by the most parsimonious model, φ (first + time + area + state) p (time × area
+ state) ψ (time). The probability of re-sighting was approximately 22% lower (constant on the logit scale) when the individuals 
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Fig. 3. Leptonychotes weddelli. Survival probability of established, parous females in Long Fjord with upper and lower 95% CI
as estimated by the most parsimonious model, i.e. φ (first + time + area + state) p (time × area + state) ψ (time). The following terms
had significant, additive effects on probability of apparent survival: newly tagged breeder (–11%), breeding in the Tryne area
(–7%). Breeding state had no effect. Apparent survival rates may have been determined by tag loss, rate of retagging, 
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clude that, across all age groups of breeding females,
there was no clear evidence for fecundity costs of
reproduction.

The term for temporal variation in breeding proba-
bility was strongly supported (ΔAICc = –72.18). Across
all years of study, breeding probability averaged 70 ±
12% (mean ± SD), ranging from 53 to 88%. The tempo-
ral pattern was for high rates of reproduction in the
1970s, low rates in the early to mid 1980s, high rates in
the mid to late 1980s, and then low rates of reproduc-
tion throughout the 1990s (Fig. 4).

DISCUSSION

That reproductive events are precarious for Weddell
seals is evident from the magnitude of inter-annual
variation in the proportion of females producing pups
(70 ± 12%, Fig. 4; 67 ± 9% Hadley et al. 2007), and also
the magnitude of inter-annual variation in the propor-
tion of pups surviving their first year of life (43 ± 21%,
S. Lake unpubl. data; 43 ± 11%, Hastings et al. 1999;
55 ± 21%, Cameron & Siniff 2004). Conversely, the

rates of survival of parous females are higher and less
variable (Fig. 3) (Hadley et al. 2007), although specific
details vary between studies. At the Vestfold Hills,
apparent survival rates were higher in Long Fjord (88 ±
4%) compared to the Tryne area (82 ± 7%) (post 1980),
at least partially because retagging effort was greater
in Long Fjord (Green et al. 1995). At McMurdo Sound,
apparent survival rates differed between breeding
states (91 ± 3% for breeders and 94 ± 2% for non-
breeders), and were higher (probably more realistic)
than at the Vestfold Hills at least partially because the
estimates from McMurdo Sound were corrected for tag
loss.

Life history strategy

We recognise that Weddell seals maintain relatively
high and stable survival rates for long life (Cameron &
Siniff 2004) and multiple reproductive opportunities,
only some of which are realised. This strategy is typi-
cal of Antarctic marine predators. Southern fulmars,
Adelie penguins and Antarctic fur seals Arctocephalus
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gazella, for example, are also long-lived with time-
varying reproductive success (Whitehead et al. 1990,
Jenouvrier et al. 2003, 2005, Forcada et al. 2005). This
life history generally corresponds with variable envi-
ronments (Ferguson & Lariviere 2002). Indeed, physi-
cal conditions in the Southern Ocean are highly vari-
able, with cyclic changes in the circumpolar movement
of atmosphere and ocean linked to ENSO and other
principal modes of variability (Turner 2004).

One theoretical description of the Weddell seal’s life-
history is ‘bet hedging’ (Stearns 1992), i.e. spreading
out of reproductive bouts so that individuals sample a
number of environments and thereby increase the
probability of reproducing in a good season, whereby
fitness consequences of greater pup survival are real-
ized. However, we suggest that Weddell seal invest-
ment is more prudent than simply randomly sampling
a variable environment. Based on temporal variability
in reproductive rate, combined with lack of evidence
for costs of reproduction, we infer that Weddell seals
prudently select years for reproduction, pre-empting
challenging reproductive attempts.

Phocid seals derive the majority of energy for lacta-
tion from maternal body stores (see Wheatley et al.
2006). Thus there is potential to physiologically assess
the probability of achieving viable weaning mass for
each pup, during pregnancy, on the basis of maternal
nutritional state (Trites & Donnelly 2003). Evidence
suggests that when foraging conditions are challeng-
ing, some species tend to terminate pregnancy and
thereby conserve energy, as opposed to proceeding
with reproduction and depleting body stores when
there is minimal chance of producing a viable pup
(Boyd 2000). Terminal sampling at various stages of
gestation has provided unequivocal evidence of intra-
uterine mortality for Weddell seals (Testa & Siniff
1987).

Costs of reproduction

Hadley et al. (2007) found evidence for Weddell
seals, like southern elephant seals (McMahon et al.
2005), incurring survival costs of reproduction. Thus
they concluded that Weddell seals are not prudent par-
ents and instead follow the flexible strategy hypothe-
sis, which originally was proposed as a response to
variable environments (Reid 1987). However, Hadley
et al. (2007) also found that the magnitude of survival
costs was time-invariant, regardless of environmental
conditions, which is somewhat at odds with their
hypothesis. Considering the Weddell seal’s low rates of
first-year survival, there may be strong selective pres-
sure for mothers to invest in lactation to such an extent
that they incur survival costs. However, no survival or

reproductive costs were detected for Weddell seal
mothers further north at the Vestfold Hills. There may
be estimation problems; Hadley et al. (2007) incorpo-
rated age and other variables in their models and
reported that it was difficult to obtain precise estimates
for the time-varying model given the large increase in
parameters. Future work on Weddell seals may benefit
from better information on the actual covariates asso-
ciated with variation. Such random-effects models
would be more parsimonious than models that are
simply time-varying.

Even so, costs of reproduction are notoriously diffi-
cult to measure. Evidence of costs can be confounded
by heterogeneity in individual quality because individ-
uals with greater fitness are more likely to survive and
to breed in consecutive years, and this counter-
balances evidence for individuals not reproducing in
consecutive years and not surviving when they have
reproduced. Wheatley et al. (2006) report clear evi-
dence for individual variation in measures of fitness for
Weddell seals. Therefore, conclusions are limited to
stating that a ‘recovery year’ post reproduction is not a
dominant life-history strategy for Weddell seals and
that Weddell seals seem to regulate energetic invest-
ment in reproduction prior to birth so as to conserve
energy and avoid time-varying costs. Their reproduc-
tive strategy appears to confer the option to reproduce
in any year that conditions are suitable.

Indices of foraging success

Incorporating all research to date, we suggest that
rather than adopting a single strategy, the Weddell
seal’s response to environmental variability is multi-
faceted. It has been shown that pup mass and maternal
condition at weaning vary inter-annually with poten-
tial consequences for pup survival and recruitment
(Wheatley et al. 2006, Proffitt et al. 2007). We empha-
size here that Weddell seals also regulate energetic
investment prior to birth. Seasonal availability of prey
may determine which strategy a female adopts. Poor
foraging early on may result in loss of pup; poor forag-
ing later on may mean they carry it to term. The ener-
getic cost of early versus late-term termination would
be offset by the option to proceed with pregnancy
should foraging conditions change. It is highly likely
that there are individual differences in the physiologi-
cal threshold for termination. If poor foraging occurs
later on and a proportion of the population still repro-
duces, then those individuals may incur costs for future
reproduction and survival that are not apparent at the
population level.

In the past, reproductive rate has been difficult to
quantify and not well understood (Testa et al. 1990), so
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maternal post-partum mass, weaning mass and first-
year survival have been used to index inter-annual
variation in maternal condition of Weddell seals (Hast-
ings et al. 1999, Wheatley et al. 2006, Proffitt et al.
2007). However, if most individuals reproduce in
favourable years and only a sub-sample biased toward
high quality individuals reproduce in poor years, then
there is inter-annual variation in the sample of females
producing pups that is not independent of maternal
condition. Thus, comparison of body condition be-
tween years may be biased towards animals in good
condition, for example. Some of the indices of environ-
ment may be more precise and interpretable than
others. What needs to be evaluated is the amount of
additional information obtained from each index with
regard to the disturbance caused and logistical
demands of collecting the data. At this stage, we con-
clude that modeling methods now enable accurate
estimates of reproductive rate from tag and re-sight
data and that this parameter is an integral component
of modeling maternal foraging success.

Interpreting the time series

Demographic rates are quantitative measures of
population status and it is pertinent to understand their
fluctuations. A powerful way of doing this is through
correlation analysis incorporating environmental time
series hypothesized a priori to cause the demographic
response. Monitoring studies generally assume repro-
ductive output is determined by availability and qual-
ity of food. However, in Antarctica there are few time
series pertaining to marine productivity and mecha-
nisms involving ocean currents, stratification and sev-
eral trophic layers in response to and simultaneous
with climate forcing are potentially too complex to
infer (Constable et al. 2003). Furthermore, Weddell
seals at the Vestfold Hills eat multiple prey types and
may compensate for declining abundance of one spe-
cies by switching to other species or increasing forag-
ing effort (Lake et al. 2003), which makes a linear
relationship between seal demographics and prey
availability unlikely. A linear response to prey abun-
dance is particularly unlikely where access to prey is
limited by sea ice. Indices of sea ice can be incorpo-
rated in explanatory models. However, at the Vestfold
Hills it may be specific details of sea ice, such as fast-
ice cover, which influence winter foraging range be-
cause at least a proportion of the population uses fast
ice as resting platforms from which to commute to for-
age in more open water (Lake et al. 2005, 2006). Given
the large range of possible drivers, knowledge of
predator physiology and foraging behaviour is essen-
tial to form hypotheses a priori regarding which envi-

ronmental parameters correlate with reproduction. At
this stage, no environmental parameters have been
tested, but some of our results do pertain to formulat-
ing hypotheses by defining the temporal and spatial
resolution of the reproductive index.

Regarding the time period over which reproductive
rate is determined, the lack of evidence for reproduc-
tive costs suggests that reproductive rate is determined
post December, when the previous year’s pups are
weaned, and before October, when the next pup
cohort is born. Thus reproductive rate could reflect
conditions from January to September and in this way,
could be specific to the year of measurement. At this
stage, there are no data for finer resolution; Bowen et
al. (1981) suggested that phocid females assess body
condition continually throughout pregnancy and this
hypothesis is supported by terminal sampling of Wed-
dell seals at various stages of gestation (Testa & Siniff
1987). However, Boyd (1991) proposed that, following
mating and a 3 mo diapause, implantation is when
environmental factors, such as nutrition and climate,
exert their greatest influence. That hypothesis is con-
sistent with the multi-faceted response of Weddell
seals to environmental variation.

Spatial resolution of the time series will become clear
as tracking and dive data accumulate. At this stage, we
know that Weddell seals forage over small scales com-
pared to other land-based predators in Antarctica (tens
or hundreds of kilometers as compared to thousands)
(Lake et al. 2003, 2005, 2006). Therefore the reproduc-
tive time series is probably indicative of quite local
conditions and sensitive to small- to medium-scale
environmental anomalies within that area (movement
of upwelling zones for example). The implication for
monitoring is that while the area of reference is well-
defined, it is necessary to monitor many populations to
determine whether local conditions are in synchrony
on a broader scale and thus interpret the spatial scale
of forcing.

Multiple time series

Croxall et al. (2002) examined geographical incon-
sistencies in various Antarctic predator time series.
They found that Weddell seals at McMurdo Sound
experienced low reproductive rates in 1977–78 and
again in 1983–84, as did black-browed albatross, mac-
aroni penguins and gentoo penguins at South Georgia.
They concluded from the geographical breadth of that
signal that the same broad-scale mechanism was
responsible for depression at all locations, thereby
implicating large-scale atmospheric or oceanic forcing
(Croxall et al. 2002). Linking events could be regarded
as special pleading, but we do note that a perturbation
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around the same time was evident in both the repro-
duction time series from Weddell seals at the Vestfold
Hills and the reproductive parameters of Adelie pen-
guins at that same location (Whitehead et al. 1990).
Those signals did occur following a strong El Niño
event in equatorial regions (Fig. 4).

In contrast, low reproductive rates were experienced
by Weddell seals throughout the 1990s at the Vestfold
Hills but not at McMurdo Sound (Hadley et al. 2007). If
the Vestfold Hills signal was in response to El Niño
forcing, then the geographical scale of forcing was not
to the extent of the entire Southern Ocean. Ultimately,
it is local phenomena that directly affect biota, not
broad-scale mechanisms. The local effect may be
highly specific. For example, thermal inertia of the
ocean may delay transition from one state to another.
Conversely, small physical changes can cascade
quickly through marine food webs; wind-driven mix-
ing in the euphotic zone, for example, can quickly
dilute the concentration of phytoplankton (Chavez et
al. 2003).

There was a strong perturbation in the 1990s in
predator populations at the Antarctic Peninsula that
has been associated with krill cohorts senescing with-
out reproduction as a consequence of many years of
reduced sea ice area (Fraser & Hofmann 2003, Siegel
2005). Despite potential for that perturbation to move
around the continent with the Antarctic Circumpolar
Current (Siegel 2005), a 1990s low was not evident in
time series for Adelie penguins at Mawson, Terre
Adelie or McMurdo Sound (Woehler et al. 2002,
Jenouvrier et al. 2005). Monitoring of Adelie penguins
at the Vestfold Hills stopped in 1989 (Woehler et al.
2002), so a 1990s event specific to Prydz Bay cannot be
confirmed. This highlights the value of monitoring sev-
eral species at various locations and maintaining pro-
grams over time for insightful interpretation of time-
series data.

CONCLUSIONS

The value of monitoring programs increases expo-
nentially over time. The mark and re-sight program of
Weddell seals at the Vestfold Hills is one of the longest
time-series pertaining to Antarctic ecosystems. Inter-
national cohesion in Weddell seal research has
resulted in directly comparable datasets from opposite
sides of Antarctica. Mark and re-sight observations of
individual animals are one of the best sources of data
for population models and the method is particularly
appropriate for Weddell seals because they are readily
approachable and form discrete populations in well-
defined areas, such as Long Fjord at the Vestfold Hills.
Reproductive rate is presented as an index that cap-

tures and condenses information from this predator’s
perspective of its prey field. Breaks in monitoring can
be incorporated in reproduction models. What is
required is a group of marked females maintained over
time and re-sighted when deemed appropriate in
sequential years. With a rigorous baseline of observa-
tions already established, future monitoring is well
placed to detect changes over time. Links with the
ecosystem will be deciphered as tracking and dive
data reveal the foraging strategies of this species.
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