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Table 1. Daily probability of pup survival grouped by age and year Marginal means with 95% credible intervals in parentheses
Age class (days)
Breeding
season

1–7

04/05
05/06
06/07
07/08

0998
0998
0999
0997

8–20
(0994,1000)
(0995,1000)
(0996,1000)
(0993,1000)

0998
0999
0999
0997

21+
(0996,1000)
(0997,1000)
(0997,1000)
(0994,0999)

0992
0991
0988
0987

(0990,0994)
(0989,0993)
(0985,0991)
(0984,0990)

Table 2. Estimated and measured survival rates from birth to 96 days old based on daily survival rates and sample size (n). Also, the
estimated proportion of fur seals lost to predation at 96 days old and the number of leopard seals required to produce that estimated
loss. Lastly, the additional number of predation days needed for the same number of leopard seals to produce the difference in low and
high annual survival rate estimates. Marginal means with 95% posterior intervals in parentheses
Survival rate (birth to 96 days)
Breeding
season

n

Measured

04/05
05/06
06/07
07/08

174
173
166
143

0.51
0.49
0.43
0.36

Female pup count

3000
2500

(0.43,0.59)
(0.40,0.57)
(0.33,0.52)
(0.27,0.45)

Assumed high

Potential
proportion
consumed

Juvenile females

Adult males

Additional
predation days

0.80
0.87
0.85
0.71

0.28
0.38
0.42
0.35

11.0
13.9
15.2
10.6

6.8
8.6
9.4
6.6

27.0 (0.0,101.0)
39.7 (0.0,112.7)
26.4 (0.0,84.7)
3.0 (0.0,28.0)

(0.65,0.90)
(0.76,0.93)
(0.71,0.93)
(0.55,0.83)

Model estimate, low 1st year survival
Model estimate, high 1st year survival
Field counts

2000
1500
1000
500
0
1998

2000

2002

2004

2006

2008

Survey year
Fig. 4. Estimated annual female pup count based on model estimates with measured low first year survival (blue) and assumed
high first year survival (orange) compared to field counts (red
points). Lines are means and shaded areas are 95% posterior
intervals.

that although adult demographic rates vary as a function
of over-winter AAO, first year survival is currently the
primary driver of growth for this population. Given the
analyses presented here, coupled with preliminary data on
leopard seal behaviour, counts and attendance, leopard
seal predation prior to weaning could have caused the
observed low recruitment of fur seals in this area.
Two studies have hypothesized that summer environmental conditions near the breeding colony influence
adult vital rates. Food limitations during a relatively short
lactation period may impose fitness costs that reduce
maternal survival as well as prevent implantation, the latter resulting in lower pupping rates the following year
(Forcada et al. 2005; Forcada, Trathan & Murphy 2008).
Although that may be the case, over-winter foraging
conditions will determine if a female can compensate for

(0.12,0.41)
(0.25,0.49)
(0.27,0.54)
(0.18,0.50)

Number of leopard seals needed

(4.3,19.2)
(8.0,22.3)
(8.5,25.1)
(4.9,18.6)

(2.7,11.9)
(4.9,13.9)
(5.2,15.5)
(3.0,11.2)

lost energy reserves due to rearing offspring as well as provide nutrients for a developing foetus (Hiruki-Raring et al.
2012). Thus, large-scale winter conditions far from the
breeding colony may have consequences for adult reproductive and survival rates, similar to what is seen in some
colonial seabirds (Le Bohec et al. 2008; Baylis et al. 2012).
Environmental conditions measured by mean winter
AAO values were trending downwards during the period
of this study, and adult survival and reproductive rates
decreased with decreasing AAO. Many climate models
predict the AAO index will decline (IPCC 2007), and our
results suggest that this would lead to reduced adult fur
seal survival and reproduction and further lower population growth. It follows that survival of younger animals
(1–4 years old) would further drive population growth,
and as the probability of a female surviving and returning
to her birth site after age 4 years is low, it is unlikely this
group would recover from consistently poor environmental conditions. However, our analysis is restricted to adult
female survival rates as a function of AAO. As juvenile
survival rates most likely also respond to environmental
perturbation (Beauplet et al. 2005), a declining AAO may
lead to even further reduction in Cape Shirreff Antarctic
fur seal population growth. In addition, the small number
of years studied here may not entirely represent the longterm relationship between AAO and fur seal demographic
rates or completely capture the periodicity and autocorrelation of AAO. However, effectively doubling the strength
of the AAO vs. adult vital rate relationship did not
change the pattern seen in sensitivity analysis or pup projections: first year survival is currently driving growth of
this population.
Six lines of evidence support the hypothesis that leopard seal predation is the cause of low first year survival
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Table 3. Sensitivity analysis with high and low AAO values defining survival and reproduction for ages five and older and high and
low first year survival rates. See Supp. Info. – Sensitivity analysis for more details. Marginal means with 95% posterior intervals in
parentheses
High 1st year survival‡

Survival

Reproduction

Low 1st year survival¥

Age class

High AAO*

Low AAO†

High AAO

Low AAO

1
2–4
5-7
8–16
17+
3–4
5–7
8–16
17+

0.20
0.34
0.23
0.28
0.09
0.08
0.08
0.10
0.04

0.22
0.35
0.25
0.26
0.04
0.10
0.10
0.12
0.03

0.83
0.09
0.09
0.20
0.56
0.00
0.00
0.02
0.06

0.60
0.20
0.18
0.32
0.19
0.02
0.02
0.07
0.07

(0.10,0.40)
(0.20,0.42)
(0.14,0.26)
(0.21,0.33)
(0.02,0.34)
(0.01,0.15)
(0.01,0.14)
(0.04,0.13)
(0.02,0.07)

(0.12,0.45)
(0.23,0.43)
(0.19,0.27)
(0.19,0.33)
(0.01,0.17)
(0.02,0.18)
(0.03,0.17)
(0.08,0.14)
(0.01,0.07)

(0.22,1.67)
(0.04,0.16)
(0.03,0.15)
(0.08,0.31)
(0.27,0.85)
(0.00,0.01)
(0.00,0.01)
(0.00,0.05)
(0.02,0.08)

(0.29,0.96)
(0.14,0.25)
(0.13,0.22)
(0.27,0.34)
(0.07,0.40)
(0.01,0.03)
(0.01,0.04)
(0.03,0.11)
(0.06,0.09)

*0.614 in 2001.
†0.831 in 2002.
‡0.56 (0.15,0.90).
¥0.04 (0.01,0.08) in 2001; 0.10 (0.05,0.19) in 2002.

for Cape Shirreff fur seals. First, in South Georgia where
leopard seals are not present during the summer, the
majority of pup mortality occurs prior to pups entering
the water (Forcada, Trathan & Murphy 2008). Our results
show pup mortality is higher after they enter the water in
an area where leopard seals are present (Table 1), as previously observed at Elephant Island (Boveng et al. 1998).
Second, although separated spatially and temporally,
Cape Shirreff annual pup count declines from 2002 to
2009 (60  77%year1; mean and std) and model predictions (decline 60  66%year1) are similar to what
was seen at Elephant Island when leopard seals were present (decline 42  10%year1) (Boveng et al. 1998).
Third, the range of annual mean fraction of pups taken
by leopard seals at around 75 days old measured at
Elephant Island is similar, but slightly higher compared to
this study (032–069 and 022–035 respectively) (Boveng
et al. 1998). Fourth, mean cohort survivorship from
75 days to 1 year old extrapolated from high daily pup
survival rates (pooled mean: 056, mean of annual means:
051, range: 045–082) is comparable to mean survivorship from South Georgia where leopard seal predation is
negligible (052) (Forcada, Trathan & Murphy 2008).
Fifth, although uncertainty was higher when estimating
survival from 75 days to 1 year old using daily survival
rates, values were comparable to estimates based on
annual mark-recapture analysis (Fig. 3).
Lastly, leopard seal estimates fall within a reasonable
range of what we know from preliminary leopard seal
data. Namely, roughly half of all tagged leopard seals
appear to remain in the area for the majority of the
breeding season, and the maximum number of hauled out
leopard seals has been counted at 30. Regardless of the
age structure of the leopard seal population, 15 leopard
seals could consume the number of additional pup mortalities estimated at 96 days old (Table 2). Unweaned
fur seal pups will remain vulnerable to leopard seals an

additional 24 days before they can potentially move out
of leopard seal habitat. Depending on the year, the probability the additional mortalities occurred prior to weaning
are between 034 and 097. However, the degree of winter
habitat overlap for these two groups is not known, and
predation events may occur throughout the year. Leopard
seal scat and stable isotope analysis, tracking data, markrecapture analysis and detailed behavioural studies will
allow us to determine temporal and spatial aspects of
leopard seal prey type (including prey switching and prey
age classes), attendance patterns and consumption rates.
Only a few marine mammal studies have begun to
empirically explore population-level effects when predation is targeted on pre-breeders. Horning & Mellish
(2012) showed killer whale Orcinus orca predation
accounted for 10 of 11 documented deaths in juvenile
Steller sea lions Eumetopias jubatus, and low recruitment
prevents some populations from recovering. Based on
energetics models, killer whales in the Subantarctic Prince
Edward Islands could theoretically consume the entire
Antarctic fur seal pup population within a matter of days
or potentially reduce the pup population by 10–40%
within a year, depending on different prey selection strategies (Reisinger, de Bruyn & Bester 2011). In general, our
research, along with the above-mentioned studies, suggest
predation on pre-breeders has the potential to create rapid
and dramatic changes in marine mammal populations.
Colony breeders may be particularly vulnerable to predation of newborns as the na€ıve group provides a large
and reliable food source for predators. While parental
protection and predator saturation can reduce such risk
(Ainley et al. 2005), some species do not guard their
young and require time to physiologically develop effective foraging and fleeing capabilities (flying in birds
and diving in marine air breathers) (Noren et al. 2001;
Fowler et al. 2007; Tome & Denac 2012). In addition,
physiological and environmental limitations may keep
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reproductive rates low that could have otherwise compensated for young lost to predation (Bonin et al. 2012).
Therefore, future studies investigating the impacts of predation on K-selected species, particularly colonial breeders, need to consider age or size-specific selection by the
predator.
Although AAO has an effect, we found that fur seal
population growth at Cape Shirreff is more sensitive to
top-down processes in the form of leopard seal predation.
Most importantly, we have shown that both top-down
and bottom-up forces can be important population drivers for Antarctic fur seals, and the way in which the two
forces affect population growth can vary from one colony
to another. Bottom-up processes appear to be more
important at Bird Island, South Georgia (Forcada,
Trathan & Murphy 2008; Forcada et al. 2009). South
Georgia is at the northern extreme of the leopard seals’
range, so other conditions may influence the leopard seals’
impact on South Georgia fur seals. Or, as seen in Boveng
et al. (1998), South Georgia leopard seals may consume
fur seal pups at nearby, unstudied colonies where hunting
conditions are more favourable. In addition, complex
interactions may have created a trophic cascade where
leopard seals are now more abundant and targeting fur
seals at Cape Shirreff, as has been demonstrated in some
non-pinniped systems (Anthony et al. 2008; Harley 2011).
In fact, this research, along with additional leopard seal
research, could show environmental changes are potentially driving top-down predation on fur seals. If so, fur
seal populations could decline more rapidly than anticipated as a result of environmental change. In general,
future studies need to consider entire ecosystem shifts
when investigating effects of environmental change, which
could have both bottom-up and top-down effects on a
species.
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Supplemental Information
Tagging and resight methods
Individually numbered plastic Dalton Jumbo Roto Tags are attached between the foreflipper digits most proximal to the body. Individuals are initially marked with two tags but
sometimes lose those tags over time. To ensure continuity in longitudinal records, every effort is
made to add a new tag and replace the existing tag when a seal is observed with one tag. Counts
of tagged seals are shown in Table 1.
Within the main study area, observers cover the entire area and record tag numbers at
least once a day for 96-110 days (Fig. 1). After pupping begins, daily pup counts (live plus
newly-dead) are also recorded. Although their degree of philopatry is unknown, once females
begin pupping, their change in pupping location from year to year often varies by only several
meters (Lunn & Boyd 1991), and some females pup within several meters of their own birth sites
(Hoffman & Forcada 2012). Females and pups are highly visible in the open terrain, and
individuals are often resighted on consecutive days (Goebel et al. 2001). Young of the year are
not marked until late in the study period (late-January through early-March), so individual pup
resights are only possible when the mother is present. Resight effort outside the main study area
is not as frequent and may occur as seldom as one time per summer for relatively inaccessible
colonies on the northwest coast of the Cape.

Teeth aging technique and sampling bias
Tooth age estimation was validated using 23 teeth from animals of known age, with an
age range of 2 -21 years old (U.S.–AMLR, unpublished data). One hundred percent of the
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validation teeth have been correctly aged from blind readings (i.e. the reader did not know the
age of the animal). To ensure accuracy over time and across readers, blind readings from knownage animals are repeated whenever new teeth are processed for aging. Clarity of cementum
layers indicated no error in age estimation for 94.4% of all readable processed teeth. The
remaining tooth age estimates had some error, but the error was small enough (± 1 year)
compared to adult age groups, we did not include the error in analyses (U.S.–AMLR,
unpublished data). For more information about the technique, see www.matsonslab.com.
Every effort was made to recapture and extract teeth of all adult females that had been
tagged prior to the 2000/2001 survey period. However, such methods do not allow age
estimation for the animals that were tagged in previous study periods and never seen again.
Therefore, when estimating survival rates as a function of age, results prior to 2000/2001 are
biased with a mode of 1.0 since there are no animals of known age that disappeared (and
represent possible deaths) during that time frame. As of 2001/02, almost all animals had been
aged from teeth or were of known age since they were tagged at birth. Overall, cohort year is
known for 83% of tagged adult Antarctic fur seal females either through tooth layer counts or
from being tagged during the birth year.

Annual demographic rate analysis
At each time step, an individual can fall into several unique categories:
1. Alive or dead (A or X)
2. Parturition or non-parturition (P or NP)
3. In study area or out of study area (I or O)
4. Adult female detected or not detected (D or ND)
5. Number of tags: 0 (tagged but lost), 1, or 2 (T0, T1, T2)
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6. Pup detected or not detected (PD or PND)
Overall, the unique categories lead to 96 possible states for a given animal. However, three
simplifications based on data collection procedures for this particular Antarctic fur seal colony
and the specific questions we were interested in answering allow us to reduce the number of
feasible states to 10.
1. Alive, in the study area, detected, two tags, pup (A,I,D,T2,P)
2. Alive, in the study area, detected, two tags, no pup (A,I,D,T2,NP)
3. Alive, outside the study area, detected, two tags (A,O,D,T2)
4. Alive, outside the study area, not detected, two tags (A,O,ND,T2)
5. Alive, in the study area, detected, one tag, pup (A,I,D,T1,P)
6. Alive, in the study area, detected, one tag, no pup (A,I,D,T1,NP)
7. Alive, outside the study area, detected, one tag (A,O,D,T1)
8. Alive, outside the study area, not detected, one tag (A,O,ND,T1)
9. Alive, not detected, lost all tags (A,ND,T0)
10. Dead, not detected (X,ND)
Namely, with high, consistent observer effort and relative ease of reading tags, we assumed all
animals alive and in the main study area are detected. Next, dead animals and animals that have
lost all tags are not detected. Lastly, reproduction outside the main study area is not of concern.
Transition probabilities between states are a multiplicative combination of the
parameters: survival rate (s), reproductive rate (r), probability an animal moves in/out of the
study area (m), probability of adult female detection (d), and probability of losing one tag (g)
(Table 2). From basic probability theory, transition probabilities are multiplied together for each
time step to determine the overall probability of a sighting history. The only states in which an
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forage and periodically return to the rookery (Goebel et al. 2008). Pup mortality may consist of
two peaks associated with (1) females first returning to sea when young pups are more
vulnerable to weather conditions and (2) soon after pups start entering the water at about one
month of age when they are naïve to leopard seal predation (Goebel et al. 2008).
Individual sighting probabilities allowed for individual differences in foraging strategies
and other behaviors that may affect detection probability, including a difficult-to-access pupping
location. Estimating sighting probabilities separately by pup status (dead or alive) allowed for
differences in female foraging and sighting probabilities under those two conditions.
Hyperparameters were two parameters of a beta distribution.
( |

)

∏

(
)
( ) ( )

(

)

where
x = sa, dfi|pup dead, or dfi|pup alive
i = age or individual
I = maximum age or total number of individuals
For all hierarchical analyses we chose a diffuse hyperprior joint density of (
(

)

⁄

)

(Gelman et al. 2004). The hierarchical approach produced daily survival rate

estimates closer to the hyperdistribution mean estimate which reduced uncertainty for ages with
smaller sample sizes i.e. later in the season. The hierarchical approach on individual detection
accounts for individual variation in detection while still reducing uncertainty for individuals that
were first detected later in the season and thus have fewer days from which to sample detection.
Analyses were conducted separately for each summer study period to account for differences in
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annual foraging success that would affect the female’s proportion of time on land and, thus, her
detection probability.

Age distribution and population projection
Assuming a 50:50 ratio, annual pup counts were divided by two to determine annual
female pup counts. Given annual pup counts, we assumed the population was relatively stable
from 1986/1987 to 1997/1998 and increasing at 8.5 % per year (Hucke-Gaete et al. 2004).
Lastly, we assumed the relationship between AAO and adult rates held from 1997/1998 to
2009/2010, and leopard seal predation was not prevalent until 1998/1999. Therefore, starting age
distribution in 1997/1998 was based on the 1997/1998 pup count, the highest estimated first year
survival rate from 2006 (0.73 (0.38, 0.92)), survival rate ages 2-4 pooled for all years, and all
other rates estimated using the 1997 AAO (-0.17).
For future years, annual first year survival estimates were randomly drawn from posterior
samples of high survival rates based on daily survival rates, pooled for all four years. Low
survival rates were either posterior samples of rates measured from annual mark-recapture
analysis adjusted to account for the first 75 days (1998-2003) or annual estimates from daily
rates (2004-2008), or first year survival pooled for all years (2009). Adjustments to first year
survival based on annual mark-recapture models were made by multiplying mark-recapture
survival estimates (75 days to one year) with a random sample of survival estimates from birth to
75 days old based on daily resight analysis pooled for all years. In the case of low first year
survival, the first few cohorts who become first time breeders in the first few years have higher
recruitment than cohort 1998/1999 and later. Annual adult (> 4 years old) survival and
reproductive rate estimates were calculated as a function of AAO. To isolate the effects of low
and high first year survival from uncertainty in juvenile survival, rates for age classes two
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through four were set constant at the modal value of those estimates for that year. If annual
juvenile rates were not available, they were held constant at 0.93, the modal value when pooling
all years. Variability in all other rates was included in the projections. However, reproductive
rates for age classes three and four were estimated by pooling all years and did not vary annually.
Counts in each age class were multiplied by the appropriate annual survival and reproductive
rates to estimate annual pup counts and age distributions for the next year. I.e., individual
stochasticity was not accounted for. The process was repeated through 2009/2010.

Sensitivity analysis
To investigate differences in the sensitivity of population growth rate to different values
of AAO and first year survival, two years with relatively high and low values of AAO were
chosen (2002: -0.831 and 2001: 0.614) where all demographic rates were either measured or
estimated from AAO values. Survival rates ages two through four were measured from annual
resights. High first year survival is from pooled high estimates based on daily survival rates (0.56
(0.15,0.90)). Low first year survival was measured from annual mark recapture analyses in 2001
for high AAO and 2002 for low AAO (Fig. 3) with adjustments to account for pups lost prior to
75 days old. Adjustments were made by multiplying mark-recapture survival estimates (75 days
to one year) with a random sample of survival estimates from birth to 75 days old based on daily
resight analysis pooled for all years. Reproductive rates for age classes three and four were
measured from annual mark-recapture pooling all years and did not vary between sensitivity
cases. Uncertainty in all demographic rates was incorporated in to the analysis.

MCMC sampling
Simulations were set for a rejection rate near 0.7, a subsampling (thinning) of 1 in 150,
and a burn-in period of 150, continuing for a subsample size of 15,000 (Cowles & Carlin 1995).
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The resulting lag-1 autocorrelations were < 0.1, and independent chains with different parameter
starting values gave indistinguishable results. To verify convergence and stationarity within the
final chains, we used the Heidelberger and Welch convergence diagnostic available from the
CODA package in R using standard 10% increments and p ≤ 0.05 (Heidelberger & Welch 1983;
Plummer et al. 2006).
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Table S1. Number of newly tagged (not
retagged) Antarctic fur seals by age and
survey season.

Survey season
1997/98
1998/99
1999/00
2000/01
2001/02
2002/03
2003/04
2004/05
2005/06
2006/07

Adult
females
36
52
100
34
40
40
33
31
12
12

Pups
(fem, mal, unk)
504 (232,248,20)
500 (244,256,0)
500 (251,246,2)
499 (266,232,1)
499 (262,237,0)
499 (267,232,0)
499 (245,254,0)
497 (265,231,1)
495 (251,244,0)
500 (238,261,1)
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Table S2. Transition probabilities between sighting states (pij, where i = state at time t, and j = state at time t + 1). See text for definitions
of states and probabilities.

From
(i)
1
2
3
4
5
6
7
8
9
10

1
a(1-m)r
a(1-m)r
amr
amr

2
a(1-m)(1-r)
a(1-m)(1-r)
am(1-r)
am(1-r)

3
amd0
amd0
a(1-m) d0
a(1-m) d0

4
am(1-d0)
am(1-d0)
a(1-m) (1-d0)
a(1-m) (1-d0)

5
b(1-m)r
b(1-m)r
bmr
bmr
c(1-m)r
c(1-m)r
cmr
cmr

To (j)
6
b(1-m) (1-r)
b(1-m) (1-r)
bm(1-r)
bm(1-r)
c( 1-m) (1-r)
c(1-m) (1-r)
cm(1-r)
cm(1-r)

7
bmd0
bmd0
b(1-m)d0
b(1-m)d0
cmd0
cmd0
c(1-m)d0
c(1-m)d0

8
bm(1-d0)
bm(1-d0)
b(1-m)(1-d0)
b(1-m)(1-d0)
cm(1-d0)
cm(1-d0)
c(1-m)(1-d0)
c(1-m)(1-d0)

9
sg2
sg2
sg2
sg2
sg
sg
sg
sg
s

10
1-s
1-s
1-s
1-s
1-s
1-s
1-s
1-s
1-s
1

a = s(1-g)2
b = 2sg(1-g)
c = s(1-g)
p11 = s(1-g)2(1-m)r
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Table S3. Examples of sighting histories and their
respective probabilities given five study
periods. See text for state definitions.

Sighting history
125r21*
12021

Probability
p12p25p12p21
p12p24p42p21
∑

11000

∑
16000
: 5r is an animal that was retagged with two
tags after a sighting with one tag.
*

Where

[

]

[

]
[

]

[

]
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