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Extreme events have been suggested to play a disproportionate role in shaping ecological processes, but

our understanding of the types of environmental conditions that elicit extreme consequences in natural

ecosystems is limited. Here, we investigated the impact of a massive iceberg on the dynamics of a popu-

lation of Weddell seals. Reproductive rates of females were reduced, but survival appeared unaffected. We

also found suggestive evidence for a prolonged shift towards higher variability in reproductive rates. The

annual number of females attending colonies showed unusual swings during the iceberg period, a pattern

that was apparently the consequence of changes in sea-ice conditions. In contrast to the dramatic effects

that were recorded in nearby populations of emperor penguins, our results suggest that this unusual

environmental event did not have an extreme impact on the population of seals in the short-term, as

they managed to avoid survival costs and were able to rapidly re-achieve high levels of reproduction by

the end of the perturbation. Nevertheless, population projections suggest that even this modest impact

on reproductive rates could negatively affect the population in the long run if such events were to

occur more frequently, as is predicted by models of climate change.
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1. INTRODUCTION
Extreme events are thought to play a disproportionate

role in shaping ecological and evolutionary processes

[1,2]. Previous empirical and theoretical work suggests

that: (i) in many situations, maximum values taken by

environmental covariates are better predictors of ecologi-

cal patterns than are means and variances [3]; and

(ii) strong episodes of natural selection principally occur

during extreme events [4]. Since the intensification of

extreme climatic events has been recognized as one of

the most important facets of climate change [5,6],

increasing attention has been dedicated to research on

extreme events (i.e. ‘event-focused’ in contrast to

‘trend-focused’) [7]. Many aspects of this emerging field

are, however, still poorly understood and deserve further

investigation [8]. Climate extremes do not necessarily

translate into an extreme ecological response (thereafter,

EER), and one of the big challenges for ecologists will

be to identify which conditions might potentially induce

extreme reactions in biological systems [8]. An EER

occurs when organisms cannot acclimate, at a relatively

low fitness cost, to extreme or rare environmental con-

ditions [2]. At the population level, a negative EER can

thus be identified when conditions induce a strong

reduction of the most important vital rates, which

would otherwise be buffered against environmental varia-

bility [9–11], thus negatively affecting the growth and
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chances of persistence of the population. So far, our com-

prehension of the link between environmental extremes

and EER remains very limited and case- or taxon-specific,

with a predominance from studies on plants [2,8,12].

Most observational studies that have investigated the

effects of climate extremes have reported an EER (e.g.

animals [13–15], plants [16,17]). On the other hand,

results of a number of recent experiments indicate that

the response to climate extremes of numerous biological

systems remains within their range of regular variability

(see [8,12] and references therein), suggesting that

EERs might occur less frequently than suggested by

observational studies.

Extreme climatic events are usually thought of in terms

of extreme values of a continuous environmental variable

[2] (e.g. extreme temperatures, precipitation levels), but

they can also take the form of discrete perturbations

[18], such as unusually big fires [19], hurricanes [20],

floods [14,21] or rain-on-snow events [22]. In polar

regions, calving of massive icebergs, which are known to

be influenced by worldwide weather systems [23] and

expected to occur more frequently due to global climate

change [24], are events that can strongly impact local eco-

systems [25]. For instance, the occurrence of the

unusually large iceberg B-15 (approx. 10 000 km2),

which calved from the Ross Ice Shelf, Antarctica, in

March 2000 [26], is known to have strongly disturbed

the Ross Sea ecosystem, from primary productivity to

upper levels of the trophic web [25,27–30]. In particular,

local colonies of emperor penguins (Aptenodytes forsteri)

experienced unusually high levels of breeding failure

and of adult and chick mortality [29]. However, the

potential impact of this iceberg event on a local
This journal is q 2012 The Royal Society

mailto:thierry.chambert@gmail.com
http://www.montana.edu/rgarrott/antarctica/project_description.htm
http://www.montana.edu/rgarrott/antarctica/project_description.htm
http://www.montana.edu/rgarrott/antarctica/project_description.htm
http://dx.doi.org/10.1098/rspb.2012.1733
http://dx.doi.org/10.1098/rspb.2012.1733
http://dx.doi.org/10.1098/rspb.2012.1733
http://rspb.royalsocietypublishing.org
http://rspb.royalsocietypublishing.org
http://crossmark.crossref.org/dialog/?doi=10.1098/rspb.2012.1733&domain=pdf&date_stamp=2012-09-26


Iceberg impact on Weddell seals T. Chambert et al. 4533
population of Weddell seals (Leptonychotes weddellii),

another long-lived marine vertebrate, has not been investi-

gated yet. This population has been continuously

monitored since 1969, including years of iceberg presence

(2001–2005), and the data provide a unique opportunity

to assess changes in local abundance and demographic

rates in relation to the iceberg event and to compare the

findings with responses seen in other local species. For

that purpose, we estimated annual abundance of female

seals in colonies (local abundance), as well as a complete

set of annual vital rates (survival and reproduction prob-

abilities), for a 29-year period and evaluated how the

mean and variance of those demographic parameters chan-

ged during and after the onset of the iceberg. By doing so,

we were able to assess whether this event induced an EER

in a marine mammal species as it did in nearby populations

of emperor penguins. Potential effects on process variance

were explicitly considered in this study because any

increase in the variability of demographic parameters

decreases the long-term growth rate of a population,

hence reducing its chances of persistence [31]. We then

assessed by simulations how the growth rate of the

population changed during the iceberg episode.

Here, the iceberg event is defined as the period from

2001 to 2005, during which four massive fragments of

iceberg B-15 (see the electronic supplementary material,

figure S1) were in the vicinity of the seals’ breeding

area. We expect the presence of these icebergs to have

impacted the seal population through two different mech-

anisms. First, by creating challenging sea-ice conditions

[32] (large extent of sea-ice and thick ice with massive

pressure ridges likely making access to the ice surface dif-

ficult), these icebergs might have hampered access of seals

to breeding colonies. We thus predict that local abun-

dance was reduced during iceberg years. Second,

because there is evidence that primary productivity and

abundance of primary consumers were reduced during

the perturbed period [25,27,30], the absolute amount

of food available to seals might have been lower than

usual. We therefore predict a negative impact on vital

rates due to a limitation of available energy resources.

However, because under such limiting conditions, long-

lived iteroparous species are expected to allocate more

energy to survival than to reproduction [33], we predict

a more dramatic reduction in reproductive rates com-

pared with survival rates [34]. Lastly, during challenging

conditions, one might expect seals to emigrate and

breed in colonies outside Erebus Bay, where ice and

food conditions might be more favourable. However, pre-

vious evidence suggests that Weddell seals are highly

philopatric, and seals breeding in Erebus Bay are very

rarely observed breeding outside the primary study area

(only 2% of all recorded breeding events occurred outside

the study area) [35,36]. We therefore do not expect seals

to have massively emigrated and bred in other colonies

although we do assess this possibility based on the results

of survey efforts conducted outside the study area during

the iceberg event.
2. METHODS
(a) Study area and study population

Erebus Bay is located in the southwestern part of Ross

Sea, Antarctica (77.628–77.878 S, 166.38–167.08 E).
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Each year in spring, Weddell seal pupping colonies form

on the fast ice within this study area. Pupping occurs

from mid-October to late-November, and each mother

remains on the ice with its pup for one to two weeks.

Seals have been annually marked and resighted since

1969, and since 1982 every pup born in the study area

has been individually marked shortly after birth.

Mother–pup pairs are detected on the ice, with prob-

ability 1.0 [37], and many of the females that do not

produce a pup in a given year (i.e. pre-breeders and

skip-breeders; see below for details) also haul out in the

study area and are highly detectable [38].

(b) Data collection and data analyses

Each year, during the pupping season, colonies were vis-

ited every two to three days to tag newborn pups and any

other untagged seals. Also, beginning in early November

of each year, five to eight surveys typically separated by 3–

5 days were conducted throughout the study area. Every

encountered animal (marked or unmarked) was recorded

along with its sex and breeding state, which can be deter-

mined with certitude. Intense searching effort has also

been conducted outside the study area since 1997 [35],

and especially during the years of iceberg presence, to

record breeding events occurring outside Erebus Bay.

The statistical analysis consisted of three components.

In a first step, using mark-recapture data collected over

the 29-years period (1982–2010), we estimated two

types of annual demographic parameters: local abun-

dance and vital rates (survival and reproductive rates).

Annual estimates of local abundance were obtained

using within-season resight data and the superpopulation

approach of Schwarz & Arnason [39], while annual vital

rates were estimated under a multi-state modelling

approach [40], based on inter-annual resight data. Here,

we define ‘local abundance’ as the number of females

that were present in Erebus Bay colonies in a given year.

As in any long-lived species, changes in abundance due

to deaths and births are relatively slow, while immigration

and emigration events can produce rapid and large annual

changes. In our system, where local abundance is spatially

defined by breeding colonies and temporally defined by

the breeding season, annual variations are mainly linked

to the pattern of utilization of colonies by females. In par-

ticular, some locally born seals may be absent from

colonies during one or a few consecutive breeding sea-

sons, while some seals born outside the study area may

temporarily attend colonies. Whereas information on

variation in death and birth processes is accurately inves-

tigated through the multi-state analyses of mark-recapture

data (see below) on locally born individuals, annual vari-

ation in local abundance primarily informs us about

possible changes in inter-annual utilization patterns.

In the second step, we estimated the mean and the pro-

cess variance of the different demographic parameters,

for different relevant periods, based on the decomposi-

tion of the total variance [41,42]. Two different pairs of

periods were considered to make relevant comparisons:

(i) non-iceberg years (1982–2000 and 2006–2010)

versus iceberg years (2001–2005); and (ii) years before

iceberg (period 1982–2000) versus years after iceberg

(period 2001–2010). In the third step, we used simu-

lations to estimate the population growth rate for the

non-iceberg and the iceberg periods.
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(i) Estimation of annual local abundance

Estimates of annual local abundance were obtained using

methods recently developed for this population [38],

based on data collected during multiple within-year

surveys on both known-age females (tagged as pups) and

unknown-age females (tagged as adults or untagged).

Three different breeding classes were distinguished in this

analysis: (i) pre-breeders (P), i.e. females not breeding

that year and that never had a pup before; (ii) breeders,

(B) i.e. females known to have had a pup that year; and

(iii) skip-breeders (S), i.e. females without a pup that year

but that were known to have produced a pup in a previous

year. We first estimated the size of each class for known-age

females, for which the breeding state can be assigned each

year, given that the complete breeding history is known.

Then, estimates of numbers in states P and S for known-

age females were used to help inform the analysis of data

from unknown-age females, for which states P and S are

undistinguishable until a reproductive event has been

observed. Full details of the estimation process were

recently presented [38]. Estimates from data of known-

age and unknown-age females were finally combined to

obtain the total local abundance in each breeding class

each year. Variances and model-selection uncertainty

were carried forward at each step of this analysis, and

when initial estimates were transformed into other quan-

tities of interest, we used the delta method [43] to

estimate variances of the new quantities.
(ii) Estimation of annual vital rates

A multi-state mark-recapture approach [40] was used to

estimate apparent survival probabilities (f) and repro-

ductive rates (c; i.e. transition probabilities, conditional

on survival from year t to t þ 1, from any state in year

t into an active breeder state in year t þ 1), while account-

ing for imperfect detection. Four breeding states

were distinguished in this analysis: (i) pre-breeder (P);

(ii) first-time breeder (F); (iii) experienced breeder (E);

and (iv) skip-breeder (S). Recruitment was defined as

the transition from state P to F (cPF) and reproduction

as transition from state F, E or S to state E (cFE, cEE,

cSE). Several combinations of age and year effects were

considered for each reproductive status [36,37,44] and

evaluated with the Akaike information criterion (AIC)

corrected for sample size (AICc) and overdispersion

(QAICc). The estimates that were subsequently used in

the analysis come from the most supported of these

models. More details about the model selection proce-

dure are provided in electronic supplementary material,

appendix S1 and table S1. A total of 6373 individual

histories from female Weddell seals, consisting in 5810

known-age individuals (i.e. tagged as newborn pups

in the study area) and 563 unknown-age seals, were

available and used in the analysis.
(iii) Decomposition of variance components

We used the method of moments [41,42] to (i) derive

estimates of means and process variation and (ii) obtain

shrunk annual estimates, along with their s.e. and 95%

CIs, of local abundance and vital rates for each of the

ensembles of years considered. For annual vital rates,

which were all estimated simultaneously in the same

multi-state models, this was done using the random
Proc. R. Soc. B (2012)
effects module of program MARK [45]. Because vital

rates are probabilities, their maximum possible variance

is a function of the mean [10]. Therefore, following

previous authors [9,10,15,44], we scaled the process

variance by the maximum possible variance for the cor-

responding mean before making comparisons among

different periods. For local abundance estimates, which

were obtained independently for each year, the method

of moments was performed in program R (v. 2.12.0,

[46]), using the generalized weighted procedure [41].

No scaling of process variance was necessary as local

abundances are not probabilities.

(iv) Estimation of population growth rates

Using estimates of the mean and process variance of vital

rates, we estimated population growth rates for the non-

iceberg and the iceberg periods. For each period, we

randomly drew 5000 sets of vital rate values from their

estimated distributions and calculated the dominant

eigen value [47], or asymptotic population growth rate

(l), for each set. We then compared the distributions of

l between the two periods. The values of survival used

in these simulations were adjusted for tag loss [37,44].

Because all vital rates are probabilities and thus belong

to the interval [0;1], random values were generated at

the scale of log odds using random normal deviates

based on the estimated mean and variance of the log

odds of each vital rate.
3. RESULTS
We predicted that the challenging sea-ice conditions cre-

ated by the presence of the icebergs would hamper the

access of seals to breeding colonies and thus decrease

local abundance. Moreover, in relation to a probable

reduction in food resources, we also expected seals to

adopt a strategy in keeping with conserving and allocating

more energy to survival at the expense of reproduction.

We therefore also predicted a decrease in reproductive

rates, but not in survival, during the iceberg period. To

test these predictions, we estimated local abundance as

well as rates of survival and reproduction for a series of

29 years of available data and assessed how these par-

ameters changed during the iceberg episode. Moreover,

given that we expected that the temporal variability of

these demographic parameters might also have been

affected by the iceberg event, we assessed potential

changes in process variance.

(a) Local abundance

We found suggestive evidence for a reduction of total local

abundance during icebergyears (figure 1a; see also electronic

supplementary material, table S2), although the details of

this reduction were not as simple as predicted. Indeed,

while the number of breeders was consistently lower than

usual during all iceberg years (figures 1a and 2), the

number of pre-breeders and skip-breeders was more variable

within this period (figure 2). In fact, for these two latter

classes of seals, the estimated local abundance for a single

year (2003) was in strong contrast with estimates for all

other iceberg years. Local abundance in 2003 was the largest

of the entire time series N̂2003
tot (1028.9, SE ¼ 24.2; see the

electronic supplementary material, table S3) and was associ-

ated with peaks in the estimated numbers of skip-breeders



0 300 600 900

(a) (b) (c)

other years

iceberg years iceberg years

lo
ca

l a
bu

nd
an

ce
(t

ot
al

)

other years

iceberg yearsbr
ee

de
rs

other years

iceberg yearssk
ip

-b
re

ed
er

s

0 100 200 300 400 500

other years

iceberg yearspr
e-

br
ee

de
rs

no. indiv.

0 300 600 900

other years

other years

iceberg years

other years

iceberg years

0 100 200 300 400 500

other years

iceberg years

no. indiv.

0 300 600 900

before iceberg

after iceberg

before iceberg

after iceberg

before iceberg

after iceberg

0 100 200 300 400 500

before iceberg

after iceberg

no. indiv.

Figure 1. Summary of the results obtained for the mean and process s.d. of the different components (breeding classes) of local
abundance. (a) Comparison of the mean between iceberg years and during other years; (b) comparison of process s.d. between
iceberg and non-iceberg years; and (c) comparison of process s.d. after and before the iceberg event. Error bars represent 95%

CIs (i.e. error due to sampling variation). Note that for optimal scaling of CIs, x-axis ranges are not necessarily the same among
individual graphs.

Iceberg impact on Weddell seals T. Chambert et al. 4535
and pre-breeders (figure 2). Nevertheless, of females that

attended the breeding grounds in 2003, only about 33 per

cent produced a pup, which is the smallest proportion of

breeders ever estimated. By contrast, the subsequent year

(2004) had the lowest estimate of both total local abundance

N̂2004
tot ð290; SE ¼ 2:1Þ and number of breeders ever

recorded N̂2004
br ð158; SE ¼ 0Þ:There is also some evidence

that process variance in local abundance changed over the

years of study (figure 1b,c; see the electronic supplementary

material, table S4). The estimated process s.d. (ŝprocess) of

total local abundance, as well as ŝprocess of skip-breeder and

pre-breeder numbers, was higher during the iceberg episode

than in other years (figure 1b). This increased variance was

due to a large difference in local abundance between 2003

and other iceberg years (see above). When estimates for the

pre-iceberg period were compared with those for all years

following the iceberg onset (2001–2010), we found evi-

dence that ŝprocess increased for all population components

(figure 1c), and especially for breeders (figure 2).

To summarize, the iceberg event seems to have

impacted both the mean and variance of local abundance,
Proc. R. Soc. B (2012)
but in a more complex way than predicted. It reduced the

mean number of breeders, increased ŝprocess for the non-

breeding components of the population during iceberg

years and increased ŝprocess for breeders for a more

prolonged period (figures 1 and 2).
(b) Vital rates

As predicted, probabilities of recruitment and probabilities

of reproduction substantially decreased during iceberg

years (figure 3a; see also figure 4a,b and electronic

supplementary material, table S5). In particular, the

reduction of recruitment rates (cPF) ranged from 42 per

cent for 10-year-old females (a drop from 0.54 to 0.31)

to 59 per cent for 5-year-old females (from 0.03 to 0.01),

and the reduction of reproductive rates ranged from 27

per cent for cEE (from 0.69 to 0.50) to 37 per cent for

cFE (from 0.52 to 0.33). It was however unclear whether

rates declined more for younger or less-experienced

animals than for others (figure 3a). The temporal pro-

jection of annual reproduction and recruitment rates
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(figure 4a,b) shows that these parameters followed a

decreasing trend until 2004, when they reached the

lowest values ever recorded in 29 years, but then rebounded

and stayed relatively high after the icebergs were gone.

Process variation of recruitment and reproduction did

not appear to be different in iceberg years versus non-

iceberg years (figure 3b). However, when estimates were

compared for the pre-iceberg period versus the period

after iceberg onset (2001–2010), we found evidence of

increased process variation (figure 3c). Despite the substan-

tial uncertainty associated with estimates, due to the small

number of iceberg years, the evidence is relatively strong

for probabilities of reproduction, for which ŝprocess increased

by 42 per cent, 65 per cent and 73 per cent for cFE, cEE and

cSE, respectively, after the onset of the iceberg (see the

electronic supplementary material, table S6).

Finally, as predicted, we found no evidence of change

in the mean and the process variance of survival rates

during or after the iceberg event (figures 3 and 4c).

These results indicate that the iceberg event did not

have extreme consequences on the dynamic of this popu-

lation, as females managed to avoid survival costs and

were able to achieve high reproductive rates immediately

after the iceberg episode.

(c) Population growth rate

For the non-iceberg period, the average value of popu-

lation growth rate (l) was found as 1.00, and l as

greater than 1.0 in about 37.7 per cent of simulations

(see the electronic supplementary material, figure S2).

For the iceberg period, l averaged 0.96 and only 1.3

per cent of simulated l were greater than 1.0. Therefore,

we conclude that, while the population was typically

stable during the non-iceberg period, it was most likely

in a declining phase (l , 1) during the iceberg episode,

because of the decrease in vital rates.
4. DISCUSSION
In this study, we assessed whether a large-scale environ-

mental perturbation, represented by the occurrence of
Proc. R. Soc. B (2012)
massive icebergs, had extreme consequences on a popu-

lation of Weddell seals breeding in the southwestern

Ross Sea. Previous studies of this well-known iceberg

event reported dramatic effects on lower-level taxa

[25,27] and on two local populations of emperor pen-

guins [29], but the potential impact on the population

of Weddell seals was unknown. Our goal was to evaluate

whether this event would (i) exceed the acclimation

capacity of the species and (ii) be a threat for the popu-

lation at a mid-term time scale. The comparison of our

results for seals with those from a previous study on

emperor penguins [29] allowed us to compare the

responses of two high-level predators that depend on

similar food resources but have substantial differences in

their feeding and breeding habits. Of particular note,

female Weddell seals store resources in the months

before giving birth and then essentially stop feeding and

remain at the breeding colony for the entire pup-rearing

period. By contrast, to successfully rear their chick,

emperor penguin parents have to maintain movements

between breeding colonies and foraging areas, and these

movements were known to have been hampered by the

presence of the icebergs [29].

First, our results on vital rates reveal that seals were

much less affected than emperor penguins in the short-

term. Indeed, Weddell seals did not suffer any apparent

cost of survival, while emperor penguin colonies incurred

very high adult and chick mortality [29]. Moreover, the

magnitude of the decline in reproductive rates was lower

for this population of seals than for nearby populations

of emperor penguins (e.g. 100% of breeding attempts

failed at the Cape Crozier colony in 2001, [29]). The

impact on penguins’ reproduction was partly linked to

the fact that their travelling routes from breeding colonies

to foraging areas were partially blocked by the presence of

the iceberg [29], making chick feeding much more diffi-

cult. Seals probably avoided such a large impact on

their reproduction because, as lactating mammals and

capital breeders, they are not dependent on such foraging

trips to feed their pups. Second, as mature seals were able

to survive at high rates during perturbed years, both local
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rates, i.e. transition among breeding states). Superscripts represent states specificities of these parameters: ‘P’ (pre-breeder),

‘F’ (first-time breeder), ‘E’ (experienced breeder) and ‘S’ (skip-breeder). For transition parameters c, the first superscript
represents state of departure (at time t) and the second superscript represents state of arrival (at t þ 1). Subscripts rep-
resent age-specificity for the pre-breeder state: ‘yearl’ (yearling), ‘a � 2’ (older than two), ‘a5’, ‘a6’, ‘a7’, ‘a8’, ‘a9’ and
‘a10’ (age 5, 6, 7, 8, 9 and 10, respectively), and ‘a � 11’ (older than eleven). Note that yearling survival corresponds

to survival from 1-year-old to 2-year-old.
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abundance and breeding rates returned to previous levels

by the end of this episode, and they have remained

relatively high since then. We therefore conclude that

this iceberg event did not represent an EER for this

population, as it does not appear to have exceeded the

acclimation abilities of individual seals or to have
Proc. R. Soc. B (2012)
represented a threat for the persistence of the population

at a mid-term time scale.

In terms of local abundance, we found a substantial

reduction during most iceberg years, but in contrast

with our predictions, this pattern was not consistent

across the entire period. Indeed, the most extreme
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positive and negative peaks ever recorded occurred during

this event, in 2003 and 2004, respectively. These large

fluctuations in colony attendance contrast with the

consistent pattern of low reproductive rates within

the iceberg period, indicating that these two demographic

parameters probably responded to different environmen-

tal factors. On the one hand, because Weddell seal

females strongly depend on stored energy reserves

during the pup-rearing period [48,49], we can hypoth-

esize that the consistent decrease in reproductive rates

might have primarily been a consequence of the overall

reduction in primary production and prey availability

[25,27,30]. On the other hand, it seems that variations

in local abundance, and notably the contrast between

2003 and other iceberg years, primarily resulted from

changes in sea-ice conditions [35]. Indeed, while most

iceberg years were characterized by extensive sea ice, in

2003 open water extended far south, close to Erebus

Bay colonies, and sea-ice extent was low (see the elec-

tronic supplementary material, figure S1). It is also

interesting to note that the high local abundance observed

in 2003 was associated with unusually low reproductive

rates, a pattern in contrast with the positive correlation

observed between these two demographic parameters in

all other years (figure 5). Therefore, seals massively

attended Erebus colonies in 2003, but not principally to

breed. Moreover, the detection rate of skip-breeders,

which provides a relevant measure of colonies utilization

(see the electronic supplementary material, figure S3)

given that resighting effort is high and consistent every

year, displays the same temporal pattern as local

abundance (see the electronic supplementary material,
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figure S4). It indicates that skip-breeders have a flexible

pattern of colony utilization, depending on current

environmental conditions, and clearly shows that such

females were much more likely to be in Erebus Bay colo-

nies in 2003 than in other iceberg years. Furthermore, the

high local abundance of 2003 was associated with an

upsurge in the number of untagged and unknown-age

adult females (i.e. females that were born outside the

study area), indicating the presence of many temporary

immigrants this year (see the electronic supplementary

material, figure S5). These observations suggest that

environmental conditions might have forced seals to

move further south and thus massively attend Erebus

Bay in 2003 but not primarily for the purpose of giving

birth. This environmental forcing was probably linked

to the large extent of open water to the north for the

following reasons. First, Erebus Bay, which is the

southern-most breeding site for the species, might have

been one of the few available places suitable for hauling

out in the Ross Sea this year. Second, the reduced sea-

ice extent allowed the formation of the McMurdo

Polynya, thus providing a relatively abundant source of

food near colonies this year. Finally, the distribution of

seals’ competitors and predators, which cannot occupy

areas of consolidated ice, might have been shifted further

south in the Ross Sea [50], such that Weddell seals could

have moved further south to reduce interspecific compe-

tition and predation risk. In contrast, the sea-ice

conditions that prevailed in all other iceberg years could

have prevented a large number of seals from using

Erebus Bay because (i) the access to colonies might

have been relatively hard and (ii) sites further north had
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more food available, enough fast ice for hauling out, and

relatively few competitors and predators. This pattern

might have been particularly strong in 2004, when both

local abundance and reproductive rates reached the lowest

values ever recorded. However, although the extent of sea-

ice cover was indeed particularly large this year, it was

not dramatically different from 2002 or 2005 (see the

electronic supplementary material, figure S1). We thus

speculate that these physical conditions have acted in com-

bination to particularly unfavourable food conditions [30]

to cause such a poor situation in 2004.

Taken together, the results of the present study suggest

that Weddell seals were able to handle the challenging

conditions created by the iceberg mainly by skipping

reproduction and occupying the most favourable available

environment, probably balancing between energy expen-

diture (reproductive effort, availability of haul-out sites),

resource intake (proximity of food resources and compe-

titors) and predation risk. An alternative explanation

would be that seals massively emigrated from Erebus

Bay, except in 2003, to breed elsewhere. However, this

appears unlikely, as during all surveys conducted outside

the study area at other seal-aggregation sites during ice-

berg years, almost no females known to have been born

in Erebus Bay were found with pups outside the study

area despite intensive searches [36]. Moreover, given the

unusually high local abundance, but still relatively low

level of reproduction, recorded in 2003, such a hypothesis

seems untenable. The apparent behavioural response of

seals was in keeping with a strategy of saving and allocat-

ing a larger proportion of energy to survival, as would be

expected in a long-lived organism [9,33]. The ability to

buffer adult survival against environmental variability by

adjusting reproductive effort has already been shown in

this population [44], but previous work did not investi-

gate the particulars of the iceberg event. Here, by

explicitly assessing how demography during the iceberg
Proc. R. Soc. B (2012)
period contrasted with that recorded in years with typical

conditions, we demonstrated that the iceberg event had a

substantial impact on reproduction, but that survival was

well buffered from environmental variation. Two previous

studies on Adélie penguins (Pygoscelis adeliae) [32,34]

reported similar results, as they showed that this iceberg

event induced an increase in foraging effort and of dis-

persal rates of these birds but had no apparent effect on

their survival. It is, however, important to recognize that

all these analyses, including ours, are based on a single

event, such that their scope of inference remains limi-

ted to this particular event, and as a consequence, any

extrapolation must be considered with caution.

Although we found a moderate impact, in the short-

and mid-term, of this single perturbing event on the

seal population, more substantial negative effects might

be expected in the long-term, especially as the frequency

of such events is predicted to increase [24,25]. First, we

found that the average population growth rate dropped

from 1.00 during non-iceberg years to 0.96 during ice-

berg years, meaning that the population was temporarily

in a declining phase. A higher frequency of such events

would therefore be detrimental for the population in the

long run. Second, our results also suggest that the process

variance of reproduction and recruitment probabilities

might have been increased for a prolonged period after

the iceberg onset. Although analyses of data of future

years will be required to assess the consistency and poten-

tial persistence of this pattern, this is in direct contrast

to the long-lasting stability of vital rates that was observed

pre-iceberg. It is especially interesting to note the quick

rebound, in 2006 and 2007, in the abundance of breeders

on colonies and in rates of reproduction and recruitment,

after a decreasing trend during the iceberg period. By

skipping reproduction or delaying recruitment for several

years during the iceberg period, many females avoided a

major energy expense. Therefore, when conditions went
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back to normal after 2005, these ‘resting’ females were

likely in a good condition to recruit or reproduce again.

The temporary decline in these variables the following

year (2008) might indicate that fewer inexperienced

females recruited that year, perhaps because many had

recruited the previous two years, as well as that many

females that produced pups in 2006 and 2007 were

unable to compensate for energy expenditures made in

those two years and breed again in 2008. After 2008,

reproductive rates went back to high values again. This

post-iceberg pattern suggests that the delay in reproduc-

tion and recruitment of many individuals caused by the

perturbation could have shifted the reproductive regime

of the population towards greater variation, a pattern

that would have negative consequences on the long-

term growth rate of the population [31]. These types of

regime-shift pattern have indeed been suggested as one

of the main consequences of extreme events [12,51,52].

Our understanding of the potential ecological impor-

tance of extreme environmental events is still in its

infancy but can be expected to rapidly improve, given grow-

ing interest in the topic among ecologists [7,8], especially in

relation to climate change predictions [5,6]. Extreme

events have often been considered as necessarily having

immediate and overwhelming effects [14,25,29], but grow-

ing evidence suggests that their effects might often be more

complicated and more indirect than previously assumed

[8]. As illustrated in this study and previous ecological

studies on the same iceberg, some events might induce

EER in some species but not in others. Moreover, even if

they do not cause an immediate EER, extreme events

might still have important longer-term consequences

through cumulative or recurring effects. The investigation

of extreme events is, by definition, relatively difficult, as

such events occur rarely in nature, but the growing

number of long-term ecological monitoring programmes,

as well as the development of experiments directly impos-

ing extreme conditions on a biological system, should

allow for improved understanding.
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