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INTRODUCTION

In many species acoustic communication plays an
important role during the breeding season and serves
a function in male–male competition and/or mate
attraction (e.g. Ryan 1988, Heller & Von Helversen
2004, Catchpole & Slater 2008). Vocal repertoire size
during the breeding season varies considerably be-
tween species and is presumed to be primarily a prod-
uct of interspecific differences in factors that drive
sexual selection (e.g. Searcy & Andersson 1986, Read
& Weary 1992). In some species, the occurrence and
composition of the vocal repertoire varies over the

course of a breeding season, reflecting different stages
in the breeding cycle (e.g. Emerson 1992, Roy et al.
1995, Slabbekoorn 2004). For example, female
Bornean frog Rana blythi mating vocalizations occur
exclusively when females have mature eggs and are
involved in courtship (Emerson 1992, Roy et al. 1995).
Several species of birds possess 2 acoustically distinct
categories of song type that are specialized for use in
intersexual and intrasexual communication (e.g.
Staicer et al. 1996, Trillo & Vehrencamp 2005). In
banded wrens Thryothorus pleurostictus songs pro-
duced by males during the dawn chorus play a role
in aggressive male–male interactions, whereas songs
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used during the rest of the day differ in type and struc-
ture from the songs produced during the dawn chorus
and presumably function solely to advertise the pres-
ence and location of a male to a mate (Trillo & Vehren-
camp 2005).

In pinnipeds, the role of vocal behavior during the
breeding season differs between land-breeding and
aquatic-mating species. On land, the relative rarity of
areas suitable for pupping and haul-out leads to the
formation of dense female breeding aggregations,
which enables males to defend harems and compete
with other males for a place within the female breed-
ing group (e.g. Bartholomew 1970). All land-breeding
pinnipeds produce in-air vocalizations for the purpose
of mother–pup recognition and male–male competi-
tion (e.g. Fernández-Juricic et al. 1999, Insley et al.
2003, Tripovich et al. 2008).

In aquatic-mating pinnipeds, females are much more
dispersed during the breeding season, causing female
movements to be both spatially and temporally less
predictable (Van Parijs 2003). As a consequence,
females can be less efficiently monopolized by males
and therefore males must aim to attract females for
the purpose of mating (e.g. Stirling & Thomas 2003,
Harcourt et al. 2007). For those species of aquatic-
mating pinnipeds where data are available, males are
known to retain under water display areas using vocal
and dive displays which are thought to function in
male–male competition and/or male advertisement to
females (see Van Parijs 2003 for a review). In some spe-
cies, such as harp Pagophilus groenlandicus, Weddell
Leptonychotes weddellii and ringed seals Phoca his-
pida, females are also known to produce underwater
vocalizations (e.g. Kunnasranta et al. 1996, Serrano
2001, Oetelaar et al. 2003). However, in most aquatic-
mating pinniped species only males produce vocaliza-
tions associated with mating behavior (see Van Opzee-
land et al. 2008 for a review).

The underwater vocal repertoire of aquatic-mating
pinnipeds has been described for the majority of spe-
cies and varies considerably in size between species
(Stirling & Thomas 2003). In a comparative review,
Rogers (2003) examined the role of various behavioral
and ecological factors on the size of the acoustic reper-
toire in aquatic-mating seals. Several factors such as
the degree of sexual size dimorphism, stability of the
pupping substrate, breeding colony density and the
degree to which female distribution is predictable to
males were shown to influence the size of the vocal
repertoire. Based on the acoustic characteristics of the
calls, the repertoire size and the function of vocal
behavior, Rogers (2003) discriminates 3 groups of
vocalization strategies in aquatic-mating seals. (1) The
first group comprises hooded Cystophora cristata, grey
Halichoerus grypus and crabeater seals Lobodon car-

cinophaga. The repertoire of these species is small and
consists of short and broadband calls that are thought
to be produced by males and have a function in ago-
nistic interaction between males over relatively short
distances. (2) Bearded Erignathus barbatus, ribbon
Histriophoca fasciata, leopard Hydrurga leptonyx and
Ross seals Ommatophoca rossii use stereotyped nar-
rowband calls which are thought to function as signals
to rival males and/or potential mates over long dis-
tances. These species have a moderately sized vocal
repertoire. (3) The third group, consisting of harp, har-
bour Phoca vitulina, Weddell and ringed seals, has the
largest vocal repertoire of the 3 groups, consisting of
varied types of sounds that are thought to function in
short-range mate attraction and/or territory defense.

As underwater acoustic behavior is in most cases
assumed to have a dual function (i.e. male–male com-
petition and mate attraction; e.g. Van Parijs 2003), the
proportional usage of different call types could be
expected to vary on a seasonal or daily scale reflecting
different social contexts in which vocalizations are
used. In addition, annual recordings can provide
unique insights into how calling behavior is related to
other behavioral and ecological variables. Van Parijs et
al. (2004) showed that between-year fluctuations in ice
cover affect ‘territorial’ and ‘roaming’ male bearded
seals differently. Roaming males were not heard in
years with increased ice cover, whereas territorial
males were present during all ice conditions. In harp
seals, vocalizations differ structurally during different
parts of the year, suggesting that vocal behavior also
plays an important role outside the breeding season,
such as during herd migration (Serrano & Miller 2000).
Nevertheless, as many aquatic-mating pinnipeds are
ice-breeding species and occur at high latitudes,
acoustic measurements are often only possible during
restricted time periods (e.g. Thomas & DeMaster 1982,
Cleator et al. 1989). In addition, studies on polar spe-
cies that include recordings over multiple years are
rare because of the logistic difficulties and costs of
obtaining repeated recordings.

The PerenniAL Acoustic Observatory in the Antarc-
tic Ocean (PALAOA) is a stationary listening station at
70° 31’ S, 8° 13’ W (Fig. 1), on the Eckström Iceshelf
near the eastern Weddell Sea coast. The PALAOA sta-
tion is autonomous and allows continuous long-term
acquisition of acoustic data. Recordings contain vocal-
izations of 4 Antarctic pinniped species: Weddell, leo-
pard, Ross and crabeater seals. All 4 species differ sub-
stantially in their foraging and behavioral ecology as
well as the ice type used for breeding and haul-out.
Ecological differences between species as well as inter-
specific interactions might be reflected in acoustic
behavior. Information on the presence of a certain spe-
cies, mediated through their calls, might for example
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be used by and affect behavior of other seal species,
e.g. in the case of a predator–prey relationship such
as between leopard and crabeater seals.

As acoustic data are collected continuously, the
PALAOA data offer the unique opportunity to investi-
gate the calling behavior of these species to explore
how acoustic behavior relates to breeding behavior,
ecological variables and inter-specific interactions.
Improving our knowledge on the fundamental ecology
of Antarctic ice-breeding pinnipeds is vital as recent
studies have shown that the climate driven changes
and anthropogenic alteration of food webs are likely to
affect these species (e.g. Learmonth et al. 2006, Cotté
& Guinet 2007, Murphy et al. 2007). Long term acoustic
datasets, such as the PALAOA database, require the
use of automated detection and classification techni-
ques as manual analysis becomes too time-consuming.
However, elementary knowledge of the species-
specific vocal repertoire and temporal patterns of call
type usage is a fundamental requirement needed in
order to build a comprehensive understanding of the
acoustic behavioral ecology of the species in this area.
This study provides a baseline description of the

acoustic repertoire of all 4 ice-breeding
Antarctic pinniped species — Weddell,
Ross, leopard and crabeater seals —
using an 11 mo data set obtained from
the autonomous PALAOA station. Sea-
sonal and diel patterns in the acoustic
repertoire are examined from the per-
spective of multi-species call type vari-
ability on a monthly basis.

METHODS

Acoustic data. Underwater acoustic
recordings were obtained from the
autonomous PALAOA station. Record-
ings are made continuously year-round
with 2 hydrophones deployed under-
neath the 100 m thick floating Antarc-
tic ice shelf through boreholes spaced
300 m apart (Boebel et al. 2006, Klinck
2008). Water depth below the floating
ice shelf is approximately 160 m. Both
hydrophones are at a depth of 80 m
below the floating ice shelf. The setup
consists of a RESON TC4032 hydro-
phone (5 Hz to 120 kHz, sens. –170 dB
re 1 V µPa–1) connected to a RESON
VP2000 amplifier (30 dB gain) and
bandpass filter (10 Hz to 100 kHz), and
a RESON TC4033 hydrophone (1 Hz to
160 kHz, sens. –203 dB re 1 V µPa–1)

connected to 2 RESON VP2000 amplifiers and band-
pass filters. Both hydrophones are galvanically isolated
through a Behringer HD400 isolation transformer to
avoid picking up electromagnetic interference. The
signals are digitized at 48 kHz/16 bit and encoded to a
192 kbit s–1 MP3 stream by a BARIX Instreamer device.
The effective bandwidth of the recordings is 10 Hz to
15 kHz, dynamic range 60 dB to 150 dB re 1 µPa. This
stream is transmitted from PALAOA to the German
Antarctic Neumayer Station II (15 km) through wire-
less LAN. At Neumayer Station II, the stream is seg-
mented into MP3 files of 1 min duration and saved
locally. In addition, the audio is compressed to a
24 kbit s–1 OGG-Vorbis stream and transmitted in
near-real time from Neumayer to Bremerhaven (Ger-
many) via a 128 kbit s–1 satellite link, from where it is
made publicly accessible (www.awi.de/acoustics; see
also Kindermann et al. 2008). For this study only the
MP3 data were used.

Weddell, Ross, leopard and crabeater seals are
known to be present in this region. Every year Weddell
seals form breeding groups in austral spring on the
fast-ice in Atka Bay, near the PALAOA station (Plötz
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Fig. 1. IKONOS-2 satellite image from March 2004, showing the locations of the
German Antarctic station Neumayer Base II and the PALAOA hydroacoustic ob-
servatory (70°31’S, 8°13’W). Inset image top right: Antarctica with the location of 

Neumayer Base II (Q)
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1986). Crabeater seals have also been observed on the
pack-ice bordering the ice shelf near PALAOA in aus-
tral summer (J. Plötz pers. obs.). Leopard seals and
Ross seals have not been observed on the ice in the
area near the observatory, but are known to occur in
this part of the Weddell Sea (Erickson et al. 1983,
Bester & Odendaal 2000).

Sampling regime. For this study we used data
recorded between 4 January 2006 and 30 January
2007 (no recordings for July and November 2006), a
total of 11 mo. No data were collected in July due to
energy shortages at the PALAOA station. In November
2006 data collection was not possible due to temporary
technical failure of the observatory. Within this period,
data were sampled for analysis on every fifth day to
provide a standardized sample across the year. For
every fifth day, 10 consecutive minutes of each hour
were analysed with the aim of obtaining a relatively
balanced data set for monthly and seasonal compar-
isons across the year. In cases where it was not possible
to sample the fifth day, the preceding day was ana-
lyzed instead.

Data were examined in 1 min sound files both
aurally and visually using the spectrograms produced
by Adobe Audition 2.0. Calls were counted and type-
identified per species by using the overall spectrogram
call shape. Catalogues of call types were constructed
for each species based on previous studies (Weddell
seal: Thomas & Kuechle 1982, Pahl et al. 1997; leopard
seal: Rogers et al. 1995, 1996; Ross seal: Watkins & Ray
1985, Stacey 2006, Seibert 2007; crabeater seal: Stir-
ling & Siniff 1979). Calls that were not identifiable from
the call type catalogues, but were present twice or
more, were assigned a new call type name and added
to the call type catalogue. All call types produced by
each of the 4 pinniped species differ considerably
between species in structure and form. New call types
could be attributed to one of the 4 species with cer-
tainty based on their overall call shape and were cross-
validated by a second observer.

Data presentation. The number of calls counted per
call type for the entire 11 mo data set is presented as
a table for each species. The table shows the total
number of calls that were counted per call type per
month and the proportion of the overall vocal reper-
toire for each call type. Spectrograms and sound files
of all call types described here are presented in Sup-
plements 1 & 2, available at www.int-res.com/articles/
suppl/m414p267_supp/.

Species-specific proportional call type usage per
month was calculated only for those months in which
at least 100 calls of this species were counted. This
approach focused the analyses on months with peak
calling activity. Calculating proportional call type
usage allowed comparison of the vocal repertoire com-

position between months, independent of the number
of samples analysed per month.

Seasonal patterns in overall call activity were
obtained by summing all call types and calculating the
average number of calls per minute for each day that
was sampled.

Diel patterns in call type usage were calculated for
each month by averaging the number of calls per call
type counted per minute from the 10-min samples for
each hour of the day. Calls were assigned to 1-h time
windows of the hour in which they occurred (i.e. calls
that occurred between 18:00 and 18:59 h were
assigned to 18:00 h). Average diel call type-specific
call rates were plotted only for months in which at least
100 calls of the species were counted. The local time at
PALAOA is Coordinated Universal Time (UTC) – 33 min.
In this study, time is therefore presented in UTC.

Statistical analyses. For all 4 species, changes in
acoustic behavior were explored in relation to timing
of pupping, mating and moult (phase in breeding
cycle). Information on the timing of each of these
phases was obtained from the literature (Weddell seal:
Lugg 1966, Kaufman et al. 1975, Reijnders et al. 1990;
leopard seal: Riedman 1990, Rogers et al. 1996, South-
well et al. 2003; Ross seal: King 1969, Thomas 2002,
Southwell et al. 2003; crabeater seal: Siniff et al. 1979,
Bengtson 2002, Southwell et al. 2003). Changes in the
proportions of call type usage over weeks in relation to
the different phases were explored using correspon-
dence analysis (Greenacre 1984) in R version 2.9.2
(R Foundation for Statistical Computing, Vienna, www.
R-project.org). Generally, correspondence analysis ex-
plores correspondence between the rows and columns
of simple 2-way and multi-way tables (Greenacre
1984). For Weddell seals, a correspondence analysis
was also performed to compare diel patterns in call
type usage between months. For leopard, Ross and
crabeater seals the periods during which they were
vocally active were too short to compare diel patterns
in acoustic behavior between months. See Supple-
ment 3 for the full data set and R code for the cor-
respondence analyses.

RESULTS

A total of 10730 min of PALAOA recordings com-
posed of 1073 10-min samples over 11 mo were ana-
lyzed. The number of minutes sampled per month
ranged between 310 and 1440 min due to gaps in the
otherwise near-continuous data stream (Table 1).
However, for all months, more than 300 1-min samples
were analysed (average 975 1-min samples per month)
and still allowed a balanced comparison of the vocal
repertoire composition between months.
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Overall call activity

Weddell seal call activity increased gradually from
March to June showing a peak on 1 June 2006 (15 calls
min–1, Fig. 2). Over all days on which Weddell seal
vocalizations were present and data was available, the
average call rate was 5 ± 4.27 calls min–1 (mean ± aver-
age deviation) per minute. Leopard seal call activity
showed a peak on 16 December 2006 (9 calls min–1)
and decreased again towards January 2007. The aver-
age call activity over all days that leopard seal calls
were present is 3 ± 3.13 calls min–1. Ross seal call activ-
ity increased sharply within the first part of January in
both years to a peak on 10 January 2007 (35 calls
min–1). Average call activity over all days that Ross seal
calls were present over January 2006, December 2006
and January 2007 was 11 ± 8.36 calls min–1. Crabeater
call activity showed a peak on 18 October 2006 (4 calls
min–1) and averaged 1 ± 1.00 calls min–1 over all days
that crabeater vocalizations were present from August
to December 2006. Data from November 2007 from
Klinck et al. (2010) show that crabeater call activity is
highest during the first half of November, with a peak
of 6.5 calls min–1 on 4 November 2007.

Peaks in Weddell, leopard and Ross call activity
showed a typical sequential pattern; decreased Wed-
dell seal vocal activity was followed by an increase in
leopard seal vocal activity and decreased leopard seal
vocal activity was followed by an increase in Ross seal
vocal activity. While the sequential pattern seemed
present in both January 2006 and 2007, Weddell, leop-
ard and Ross seal call activity was higher in January
2007, compared to call activity in January 2006.

Overall call repertoire

Weddell seals

For the Weddell seal a total of 41 421 calls was
counted over the study period. The vocal repertoire
consisted of 14 different call types (Fig. S1 in Supple-
ment 1, Table 1). Over the study period, 6 call types
(W1, W2, W5, W6, W8, W13) each contributed more
than 10% to the total number of Weddell seal calls,
while the other 8 call types (W3, W4, W7, W9, W10,
W11, W12, W14) occurred less frequently, ranging
between 0.3 to 5% of the total number of calls.
Call type W4 has not been described previously,
whereas the other call types have been described in
numerous previous studies (Thomas & Kuechle 1982,
Pahl et al. 1997, Moors & Terhune 2004, Terhune
& Dell’Apa 2006). Call type W4 was associated with
Weddell seals based on its acoustic similarity to call
type W2 and W3 and similar pattern of occurrence.

Leopard seals

A total of 13 687 calls was counted for leopard seals.
The leopard seal vocal repertoire consisted of 7 differ-
ent call types (Fig. S2 in Supplement 1, Table 2). Call
type L6 contributed more than 60% to the total number
of calls. The other call types occurred less frequently,
ranging between 3 and 10% of the total number of
calls. All leopard seal call types recorded by PALAOA
have been described previously (Stirling & Siniff 1979,
Rogers et al. 1995, 1996). Stirling & Siniff (1979) and
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Call Description Pro-
type portion of 

all calls (%)

W1 Trill 3 0 3 146 1500 608 574 1329 2042 1949 12 8166 20
W2 Falling chirps long 4 0 2 171 888 397 463 909 1321 1054 30 5239 13
W3 Falling chirps short 1 0 5 88 437 133 148 302 395 122 11 1642 4
W4 High-high-low sequence 0 0 0 56 287 72 54 183 113 2 3 770 2
W5 Single chirp high 1 0 0 176 1356 373 519 999 1062 614 6 5133 12
W6 Single chirp low 0 0 0 84 899 417 417 927 1561 1205 4 5514 13
W7 Chirp sequence 0 0 0 30 528 169 82 223 214 48 6 1300 3
W8 Oomp 0 0 0 0 43 162 751 1480 1765 658 0 5247 13
W9 Falling tone 0 0 0 80 516 110 152 182 273 36 13 1362 3
W10 Falling tone short 0 0 2 43 396 104 27 386 580 331 0 2059 5
W11 Rising tone 0 0 0 16 51 24 18 60 85 11 2 267 1
W12 Flat tone 0 0 0 9 41 25 11 11 22 19 0 138 0.3
W13 Warble 0 0 0 115 974 500 515 620 931 614 1 4270 10
W14 Pulse sequence 0 0 0 0 77 14 11 36 36 109 0 314 1

All calls 9 0 12 1014 8381 3108 3932 7647 10431 6799 88 41421 100

Table 1. Leptonychotes weddellii. Total number of Weddell seal calls per call type (W1–W14 with phonetic description) counted 
per month between January 2006 and January 2007. n = number of 1-min samples obtained
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Rogers et al. (1996) discriminate 2 subtypes within call
type L7: the ‘mid double trill’ and the ‘mid single trill’.
In this study all mid trills were lumped into call type L7.
Both mid trill types are shown in Fig. S2.

Ross seals

A total of 42 231 calls was counted for Ross seals. The
vocal repertoire consisted of 5 call types (Fig. S3 in
Supplement 1, Table 3). Three call types (R1, R2 and
R3) each contributed more than 20% to the total num-
ber of calls. Call types R4 and R5 occurred often in
association; R4 is a tonal call, while R5 is a broadband
sound (Fig. S3). These 2 call types occurred less
frequently compared to the other call types, each con-
tributing 6% to the total number of calls. Ross seal call
types R1, R2, R3 and R5 have been described previ-
ously (Watkins & Schevill 1968, Stacey 2006, Gedamke
& Robinson 2010). So far call type R4 has only been
found present in the PALAOA recordings (Seibert
2007).

Crabeater seals

A total of 2126 crabeater seal moans were counted
over the study period. For crabeater seals, we identi-
fied one call type in the PALAOA recordings, the moan
vocalization (C1). The moan vocalization has been

described in previous studies (Stirling & Siniff 1979,
Thomas & DeMaster 1982). Klinck et al. (2010) identi-
fied another variety of this crabeater seal call type, the
high moan. Both varieties of crabeater moans are
depicted in Supplement 1, Fig. S4. However, in this
study we did not discriminate between high and low
moans and lumped all crabeater vocalizations into call
type C1.

Monthly proportional call type usage

Weddell seals

Weddell seal calls were present in all months of 2006
for which data were available, except February (Fig. 2).
Preliminary inspection of data from the following year
(2007) showed that all call types were also present in
July and November, the months for which no data were
available in 2006. For the remaining months in 2006, the
composition of the Weddell seal vocal repertoire varied
and not all call types occurred in all months (Table 1).
Call types W1, W2 and W3 were present in January 2006
and from March 2006 to January 2007. Call types W4,
W5, W6, W7, W9, W11 and W13 occurred from April
2006 to January 2007, although W5 also occurred once in
January 2006. Call type W12 was present from April to
December. Call type W10 was present from March to
December, whereas call types W8 and W14 occurred
only between May and December.
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Fig. 2. Overall call activity for
all 4 seal species in the period
January 2006 to February
2007. The average number of
calls per minute is calculated
per day for all days that were
included in the analyses. Call
activity in the grey shaded ar-
eas represents counts of 1-min
PALAOA samples from 2007 as
recordings from these months
were not available from 2006
(every fifth day, 2 min each
sixth hour). For crabeater seals,
call activity in November was
based on PALAOA data from
2007 from Klinck et al. (2010).
The lower schema shows
acoustic presence for all 4 seal
species and the timing of the
pupping, mating and moulting
periods for Weddell, leopard,
Ross and crabeater seals based
on literature (see ‘Methods: Sta-

tistical analysis’ for sources)
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Proportional call type usage per month was calcu-
lated from April to December (Fig. 3). In April, call
types W2 and W5 formed the largest part of the vocal
repertoire, followed by W1 and W13. In May and June
W1 was the most predominant call type, followed by
W5 and W13, respectively. W8 was the most predomi-
nant call type in August and September, followed by
W1 in both months. In October and December, propor-
tional usage was highest for call type W1, followed by
W8 and W6, respectively.

When the proportional composition of the repertoire
was compared between months, the proportional usage
of call types W1, W7, W10, W11, W12 and W14 was rel-
atively constant from April to December. Proportional
usage of call types W2 and W3 decreased towards De-
cember, although the proportional usage of call type W2
increased again to 16% in December. Call types W4, W5
and W9 decreased in proportional usage from April to
December. W13 showed a gradual decrease in propor-
tional usage from June towards the pupping and mating
period (October to December), whereas the proportional
usage of W6 increased towards December. W8 showed a
gradual increase in usage towards a peak in September
(19%), after which proportional usage decreased again.

Furthermore, call types W4, W6, W7, W9, W11, and W13
were present in the recordings from January 2007,
whereas these call types were not present in the January
2006 recordings (Table 1).

Fig. 4a shows the dissimilarity of Weddell seal reper-
toire composition based on a correspondence analysis
of weekly call-type profiles. Call types W14 and W8
were clearly separated from the rest. The ordination in
weeks (Fig. 4b) shows 3 groups of consecutive weeks
(ellipses): winter (Weeks 16 to 24, W), spring (Weeks 34
to 43, Sp), and beginning of summer (S). In addition,
the weekly call repertoire composition was separated
through correspondence analysis according to the dif-
ferent phases, showing similarity in call repertoire
composition between the mating phase (Ma) and the
Lactation and Mating phase (LM) (Fig. 5a). Repertoire
composition during the moult phase (Mo) was sepa-
rated by the first discriminant axis, while Ma and LM
were separated by the second discriminant axis (y-
axis). The contribution of the call types (Fig. 5b)
showed that call type W14 characterized the Ma and
LM period, whereas Mo was characterized by an
increased usage of W11 and reduction in usage of call
type W12.
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Call Description Pro-
type portion of 

all calls (%)

L1 Low ascending trill 27 0 0 0 0 0 0 0 1 601 54 683 5
L2 Low descending trill 38 0 0 0 0 0 0 0 3 587 84 712 5
L3 High double trill 39 0 0 0 0 0 0 0 5 1004 118 1166 9
L4 Hoot 19 0 0 0 0 0 0 0 0 360 35 414 3
L5 Hoot single trill 47 0 0 0 0 0 0 0 7 1253 129 1436 10
L6 Low double trill 425 0 0 0 0 0 0 0 64 6578 1420 8487 62
L7 Mid trill 31 0 0 0 0 0 0 0 6 692 60 789 6
All calls 626 0 0 0 0 0 0 0 86 11075 1900 13687 100

Table 2. Hydrurga leptonyx. Total number of leopard seal calls per call type (L1–L7) counted per month between January 2006 and 
January 2007. n = number of 1-min samples obtained

Call Description Pro-
type portion of 

all calls (%)

R1 High siren call 2149 7 0 0 0 0 0 0 0 564 9001 11721 28
R2 Mid siren call 1539 0 0 0 0 0 0 0 0 833 6477 8849 21
R3 Low siren call 2060 0 0 0 0 0 0 0 0 2259 12479 16798 40
R4 Tonal element 634 0 0 0 0 0 0 0 0 25 1692 2351 6
R5 Broadband 520 0 0 0 0 0 0 0 0 73 1919 2512 6

element
All calls 6902 7 0 0 0 0 0 0 0 3754 31568 42231 100

Table 3. Ommatophoca rossi. Total number of Ross seal calls per call type (R1–R5) counted per month between January 2006 
and January 2007. n = number of 1-min samples obtained
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Leopard seals

Leopard seal calls occur between October and Janu-
ary (Table 2). Preliminary inspection of PALAOA data
from the following year showed that all leopard seal
call types were present in November 2007, which was
the month for which no data were available in 2006.

Call types L1, L2, L3, L5, L6 and L7 occurred from
October to January, whereas L4 occurred in January
and December, but did not occur in October. Pro-
portional call type usage per month was calculated
for January 2006, December 2006 and January 2007
(Fig. 6). Call type L6 was the most predominant call
type in all 3 months. The proportional composition of
the repertoire was relatively similar between Decem-
ber and January and did not differ largely between
January 2006 and January 2007.

The correspondence analysis showed that leopard
seal call repertoire composition differed between the
pupping and lactation phase (PL) and moult phase
(Mo) and were separated on the second discriminant
axis (y-axis, Fig. S5a in Supplement 4). PL and Mo
were characterized by a decrease in usage of call type
L2 and L4, respectively (Fig. S5b).

Ross seals

Ross seal calls occurred between December and
February (Table 3). The first Ross seal calls were
recorded on December 16, 2006. Preliminary inspec-
tion of PALAOA data from the following year showed
that no Ross seal calls were present in November 2007
(Seibert 2007), suggesting that Ross seal vocal activity

274

Fig. 3. Leptonychotes weddellii. Weddell seal pro-
portional call type (W1–W14) usage per month for
months in which at least 100 Weddell seal calls

were recorded
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starts in December. Of all call types, only R1 occurred
in February. Proportional call type usage per month
was calculated for January 2006, December 2006 and
January 2007 (Fig. 7). Call type R1 was the most pre-
dominant call type in January 2006, followed by call
type R3. In December 2006 and January 2007, call type
R3 had the highest proportional usage, followed by R2
and R1, respectively. Call types R4 and R5 occurred in
similar, relatively small proportions (<10%) and were
used most often in January. All call types showed a
similar pattern in proportional usage in January 2006
and 2007, although call type R3 formed a larger part of
the vocal repertoire in January 2007 compared to Jan-
uary 2006.

Ross seal calls were only recorded during the mating
phase and therefore discrimination of call repertoire

composition according to phase was not possible. The
correspondence analysis showed that call repertoire
composition varied little over the period that Ross
seal calls were recorded (Fig. S6a in Supplement 4).
The structure of call type usage showed that the
first week during which Ross seal calls were recorded
was characterized by increased usage of call type R3
(Fig. S6b).

Crabeater seals

Crabeater seal C1 calls were present between
August and December 2006 (Fig. 2). Data from the
following year showed that crabeater calls were also
present and that call activity actually peaked in No-
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Fig. 4. 2D-Correspondence analysis call-type counts per week for Weddell seals. (a) Mapping of call-types, showing W8 and W14
as distinct from the rest. (b) Ordination of the weeks (format WW YYMM). Clusters of consecutive weeks are visualized by ellipses, 

corresponding to the seasons (W: winter; Sp: spring; S: summer)

Fig. 5. Discriminating correspon-
dence analysis of Weddell seal
call-type profiles by weeks. (a)
Plot of first 2 discriminant scores,
with groups captured in ellipses.
Mo: Moult; Ma: mating; LM: over-
lap of lactation and mating; PL:
pupping and lactation; O: other
weeks. (b) Plot of structure of call
types: call type W14 dominates
separation on the second discrim-
inant (y-axis); call type W12 dom-
inates the separation on the first 

discriminant (x-axis)
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vember 2007. For 2006, the number of calls recorded
by PALAOA was highest in October (Fig. 8).

Diel patterns in call type usage

Weddell seal

To determine the Weddell seal diel pattern in call
type usage, only call types that contributed more than
10% to the vocal repertoire were used (Call types W1,
W2, W5, W6, W8 and W13). This approach excludes all
call types that were rarely used when call type usage is
compared on a diel scale. For all call types, the average
number of calls per hour in April 2006 showed little
variation over the day, with only a small peak occur-
ring around 18:00 h UTC (Fig. 9a). In May, W1 was the
most predominant call type. Overall the number of
calls was highest around 7:00 and 16:00 h UTC, where-
as there was only little calling activity between 10:00
and 14:00 h UTC. Due to a temporary energy shortage
at the PALAOA station, no data were collected
between 7:00 and 11:00, between 18:00 and 20:00 and
between 22:00 and 23:00 h UTC in June 2006. Despite
these gaps, the diel calling pattern in June resembled
the 2-peak pattern in May 2006, but with call type W1
showing a sharp peak of 2 ± 0.64 calls min–1 (mean ±
average deviation) around 16:00 h UTC. In August and
September 2006 W8 was the most predominant call

type, with an average of 2 ± 0.77 and 2 ± 0.45 calls
min–1 h–1 respectively. In August, the overall Weddell
seal call activity showed peaks between 4:00 and
7:00 h UTC and 18:00 and 20:00 h UTC. In September
the bimodal pattern in vocal activity was still visible
(Fig. 9b). In October and December 2006 W1 was the
most frequent call type, with an average of 2 ± 0.21 and
1 ± 0.22 calls min–1 h–1 respectively. In these 2 months,
the average number of calls min–1 h–1 showed little
variation over the day. When Weddell seal call usage
patterns were compared for single days within each
month, these generally reflected the average monthly
pattern.

The biphasic pattern in Weddell seal diel call activity
in May (Fig. 9a) can be partly resolved by a correspon-
dence analysis. Fig. 10a shows the dissimilarity of W5,
W8 and W9 from the other call types. The ordination of
hours is shown in Fig. 10b and allows identification of
the quiet phase between 10:00 and 12:00 h (first dis-
criminant axis, x-axis). Vocal repertoire composition
during the remaining time is grouped in 2 periods:
morning+afternoon (upper part, 05:00 to 18:00 h) and
evening+night (lower part, 19:00 to 04:00 h).

Leopard seal

Fig. 11 shows the diel calling pattern in January
2006, with 2 distinct peaks in L6 calling activity around

276

Fig. 6. Hydrurga leptonyx. Leopard seal proportional call type (L1–L7) usage per month for months during which at least 100 
leopard seal calls were recorded

Fig. 7. Ommatophoca rossi. Ross seal proportional call type (R1–R5) usage per month for months in which at least 100 Ross seal 
calls were recorded
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8:00 (1 ± 0.98 calls min–1, mean ± average deviation)
and 20:00 h UTC (1 ± 1.13 calls min–1). The call rates of
the other call types also increased slightly during these
hours, however, call rates were much lower compared
to call type L6. In December, the number of L6 calls
increased to 5 ± 0.33 calls min–1 h–1 and remained con-
stant throughout the day. Call rates of the other call
types also increased compared to January 2006 and
2007 and remained fairly constant throughout the day,
ranging from 0.3 to 0.9 calls min–1 h–1. The average
number of L6 calls was 1 ± 0.25 calls min–1 h–1 in Janu-
ary 2007, and 0.4 ± 0.22 calls min–1 h–1 in January 2006.
In contrast to the 2-peak pattern in call activity in Jan-
uary 2006, calling activity showed a 1-peak pattern in
January 2007 with the peak occurring around mid-
night. Leopard seal call usage for single days within
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Fig. 8. Lobodon carcinophaga. Number of crabeater seal calls
(type C1) recorded for all months in which crabeater calls 

were recorded, August to December 2006

Fig. 9. Leptonychotes weddellii. Diel pattern of Weddell seal
call type usage for call types W1, W2, W5, W6, W8, W13
for months in which at least 100 Weddell seal calls were
recorded. Grey areas indicate discontinuities in the data
stream. Time is presented in Coordinated Universal Time

(UTC); local time at PALAOA is UTC – 33 min
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each month showed relatively comparable patterns and
reflected the monthly average patterns in call type
usage and activity.

Ross seal

The diel calling pattern in January 2006 shows an
increase in the number of calls for all call types
between 12:00 and 19:00 h UTC (Fig. 12). R1 was the
predominant call type in January 2006, with 2 ± 0.82
(mean ± average deviation) R1 calls min–1 h–1 in that
month. In December, call rates increased during the
second half of the day, with R3 being the most domi-
nant call type in that month (2 ± 0.69 calls min–1 h–1). In
January 2007, R3 was also the predominant call type
(9 ± 0.97 calls min–1 h–1). Overall call rates in January
2007 were higher compared to January 2006 (7 ± 1.84
and 22 ± 2.28 calls min–1 h–1 for January 2006 and 2007
respectively). In January 2007, call rates were rela-
tively constant over the day, with a short period of
decreased call activity around 6:00 h UTC. However,
when Ross seal call activity was compared between
single days within a month, patterns in call activity
varied considerably between days in January 2006 and
January 2007. In addition, call types R1 and R3 were
the most predominant call types when single days in
January 2006 and January 2007 were compared
(Fig. 13). In December the pattern in Ross seal call
activity showed a more consistent pattern when single
days were compared, with a period of low call activity
occurring between 00:00 and 9:00 h UTC. Call type R3
was the most predominant call type on all days in
December.

Crabeater seal

In October 2006, crabeater seal calling activity
increased sharply between 16:00 and 19:00 h UTC and
remained around 4 calls min–1 h–1 until 23:00 h UTC
(Fig. 14). The average number of calls in October was
1 ± 0.94 (mean ± average deviation) calls min–1 h–1.
Fig. 12b shows considerable variability in the call
activity pattern when comparing 2 separate days in
October. In December 2006, the average number of
calls in December was 0.1 ± 0.1 calls min–1 h–1. The diel
calling pattern showed 2 small peaks; one around
02:00 and one around 20:00 h UTC. This pattern is con-
sistent with the pattern observed for separated days in
December (Fig. 15).

DISCUSSION

The results of this study show that Weddell, leop-
ard, Ross and crabeater seals exhibit substantial inter-
specific variation in acoustic behavior, i.e. in temporal
patterns of vocal activity, vocal repertoire size and
composition. Variation in acoustic behavior can reflect
inter-specific differences in the acoustic ecology of the
species, the relationship between the organism and
the environment mediated through sound. In analogy
to ecology, each species might be thought of as filling
its own acoustic ecological niche, shaped by internal
and external factors and interactions between both
(Fig. 16; Van Opzeeland 2010). Vocalizations are pro-
duced in a breeding context and consequently differ-
ences in behavioral ecology between species, such as
distribution and mating system, are likely to shape
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Fig. 10. 2D-correspondence analysis of hourly call-type counts of Weddell seals in May 2006. (a) Mapping of call types, showing
W5, W8 and W9 as distinct from the rest. (b) Ordination of the hour bins, showing strong separation of the call patterns during
10:00–11:59 h and 12:00–13:59 h from the rest. Repertoire for the remaining time is grouped in two: lower part: evening and night 

(19:00–04:00 h); upper part: morning and afternoon (05:00–18:00 h)
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vocal behavior. In addition, interactions with abiotic
environmental factors, such as ice and the local
soundscape, as well as biotic environmental factors,
such as the distribution of prey and predators can also
directly influence acoustic behavior. Interactions
between abiotic factors and behavioral ecology (i.e.
the influence of ice on mating strategy; Van Parijs et
al. 2003) as well as between biotic factors and behav-
ioral ecology (i.e. the effect of prey availability on dis-
tribution) can indirectly affect vocal behavior. Finally,
anthropogenic factors such as climate driven changes

and underwater noise can indirectly influence
acoustic behavior, e.g. by affecting ice conditions and
the local soundscape, respectively, and are therefore
also a potentially important aspect of the acoustic
ecology of Antarctic pinnipeds.

The results are discussed with respect to species-
specific use of the acoustic environment based on the
interactions shown in Fig. 16, recognizing that this is a
non-exhaustive list while many of the factors men-
tioned are likely to act in concert and are of differing
importance to each species.

279

Fig. 11. Hydrurga leptonyx. Diel pattern of leopard seal call
type usage (call types L1–L7) for months in which at least
100 leopard seal calls were recorded. Time is presented
in Coordinated Universal Time (UTC); local time at PALAOA

is UTC – 33 min

Fig. 12. Ommatophoca rossi. Diel pattern of Ross seal call type
usage (call types R1–R5) for months in which at least 100
Ross seal calls were recorded. Time is presented in Coordi-
nated Universal Time (UTC); local time at PALAOA is

UTC – 33 min
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Behavioral ecology

Mating system

Vocal repertoire size and acoustic presence. Vocal
repertoire size is largely determined by the function of
vocal behavior and the distance between the vocalizing
individual and the targeted audience (Rogers 2003).
The large size of the Weddell seal vocal repertoire, the
relative complexity and the subtle variations between
call types reflect that calls might be used in inter- and

intrasexual communication over short distances and are
therefore not constrained by signal propagation needs.
Weddell seal vocalizations have been suggested to
serve a function for males in maintaining underwater
territories below the Antarctic fast-ice (e.g. Bartsch et
al. 1992, Stirling & Thomas 2003, Rouget et al. 2007).
Nevertheless, as females move freely in this 3-dimen-
sional underwater environment, males are unable to
monopolize females and underwater territories might
rather function as a display of male fitness for females
and other males. This study showed that vocalizations
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Fig. 13. Ommatophoca rossi. Diel pattern of Ross seal call activity on single days, chosen based on the variability in diel patterns,
i.e. to illustrate the variation in vocal activity between days within the same month. Time is presented in Coordinated Universal

Time (UTC); local time at PALAOA is UTC – 33 min
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were recorded almost year-round, suggesting that
a number of animals remain in the breeding area
throughout the year. Males that occupy territories year-
round might have an advantage over non-territorial
males or males that move away in winter, in that they
are already resident when females arrive at the breed-
ing area (Harcourt et al. 2007, 2008). Their familiarity
with the under-ice environment and neighbouring ter-
ritorial males may reduce the cost of defending the

breeding territory, which may eventually improve their
mating success. The high Weddell seal vocal activity in
winter and spring therefore suggests that males are ac-
tively engaged in acoustic displays in the breeding area
for most of the year, and that the establishment and
defense of underwater territories actually begins in
winter, which is earlier than was previously assumed.

On the other hand, leopard and Ross seals are pack-
ice breeders that migrate to and beyond the outer
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Fig. 14. Lobodon carcinophaga. Average diel pattern of crabeater seal call (type C1) usage for months in which at least 100 crab-
eater calls were recorded. Time is presented in Coordinated Universal Time (UTC); local time at PALAOA is UTC – 33 min

Fig. 15. Lobodon carcinophaga. Diel pattern of crabeater seal call activity on single days, chosen based on the variability in diel
patterns, i.e. to illustrate the variation in vocal activity between days within the same month. Time is presented in Coordinated

Universal Time (UTC); local time at PALAOA is UTC – 33 min
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fringes of the Antarctic sea-ice in austral winter and
move back into the inner pack-ice to breed in austral
summer (Siniff & Stone 1985, Blix & Nordøy 2007).
Females in these species are widely dispersed during
the breeding season and calls are thought to function
to attract mating partners over long distances. The
medium-sized vocal repertoire of both species with
highly stereotyped vocalizations may increase detect-
ability of calls in spite of unfavorable propagation con-
ditions and masking by background noise (Rogers
2003). In leopard seals, calls are produced by both
sexes; females produce broadcast calls during the
breeding season to signal their sexual receptivity,
while leopard seal males call in search of mates
(Rogers et al. 1995, 1996). Rogers & Cato (2002) sug-
gested that in leopard seals, information related to
the individual may be encoded in the vocalization
sequences, rather than in the acoustic characteristics of
call types, given that sequences may be less affected
by signal degradation when communicating over long
distances. In addition, the narrow frequency band-
width of leopard seal calls and their long calling peri-
ods may also increase the chance that receivers recog-
nize calls under poor signal-to-noise ratios.

For Ross seals, very little is known on mating behav-
ior. Mating has been suggested to occur in December
(King 1969) or around October–November immedi-
ately following pupping at the outer edge of the pack-
ice zone (Thomas et al. 1980, Bengtson & Stewart 1997,
Blix & Nordøy 2007). Based on the seasonal peak in

Ross seal acoustic activity, we suggest that Ross seal
mating in the Atka Bay region takes place relatively
near the ice shelf region between December and Janu-
ary. Studies on several other aquatic mating pinnipeds
have shown that seasonal peaks in vocal activity coin-
cide with the period in which mating occurs (harbour
seal: Van Parijs et al. 1999; leopard seal: Rogers et al.
1996; hooded seal: Ballard & Kovacs 1995; bearded
seal: Van Parijs et al. 2001; grey seal: Asselin et al.
1993). Assuming that Ross seal mating occurs primarily
in January, when the peak in vocal activity occurs, this
also sheds new light on previous observations of
changes in male Ross seal dive patterns in January
(Southwell 2005, Blix & Nordøy 2007). Southwell
(2005) noted that the male Ross seal dive pattern
changed from longer presumably foraging dives in
December to predominantly short dives with a modal
duration of 1 to 2 min in January. These male Ross seal
dive patterns in January are reminiscent of descrip-
tions of typical male dive display behavior of other
phocid species during the mating season (Van Parijs et
al. 1997, 2003).

Crabeater seals only produce the moan (C1, com-
prising both the high and low moan variety; Klinck et
al. 2010) in the PALAOA recordings. Crabeater seals
breed on pack-ice and are serially monogamous (Siniff
et al. 1979). The relatively simple acoustic display of
crabeater seals consisting of short broadband calls is
thought to function primarily in short-range under-
water male–male competition (Shaughnessy & Kerry
1989, Rogers 2003). Crabeater seal males, in contrast
to Weddell, leopard and Ross seal males, are able to
monopolize females and haul out on ice floes to guard
a female with her pup against intruder males until the
pup is weaned and the female enters estrus. Once the
pup is weaned and the female leaves the ice, the male
is assumed to mate with the female. Rogers (2003)
hypothesized that in crabeater seals a loud well-
developed vocal display would likely attract males to
the female that the male is defending, whereas the
acoustic characteristics of the moan limit the signal to
be received only by rival males in the vicinity. A recent
study identified 4 additional crabeater seal call types
which were recorded from a single animal of unknown
sex and age in February 2007 (McCreery & Thomas
2009). The acoustic characteristics of these newly de-
scribed crabeater seal call types and the month in
which they were recorded, suggest that these calls
serve as short-range communication and are not nec-
essarily produced in a breeding context, comparable to
the short-range call types that have been recorded
from captive leopard seals (Rogers et al. 1996). The
short-range call types described by McCreery &
Thomas (2009) were not present in the PALAOA
recordings analysed in this study. This suggests that
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Fig. 16. Schematic representation of the acoustic ecology of
Antarctic pinnipeds, showing how behavioral ecology, biotic
factors and abiotic factors might interact to influence acoustic 

behavior of Antarctic pinnipeds
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the distance between the calling animals and PALAOA
might simply have been too large to record these call
types, rather than that these call types were absent
from the vocal repertoire of the animals in the Atka
Bay region.

Repertoire composition. In aquatic mating pinnipeds,
competition between males is likely to become more
intense towards the period that females enter estrus
(see Van Parijs 2003 for examples). The intensification
of male agonistic encounters could be reflected by the
usage of specific call types. Some of the Weddell seal
call types (e.g. W1, W9, W10, W13, W6) have in previ-
ous studies been described as territorial or threat calls
functioning in male–male and male–female interac-
tions during the breeding season (e.g. Watkins &
Schevill 1968, Thomas et al. 1983, 1988). The highest
monthly proportional usage of such proposed threat
call types in this study occurred in June and December
(W13 and W6 respectively) whereas call types W1 and
W10 had a relatively constant proportional usage
throughout the year. As Weddell seal vocalizations are
thought to serve a function in maintaining underwater
territories throughout the year (e.g. Bartsch et al. 1992,
Rouget et al. 2007), this might explain why threat calls
form such a consistent portion of the vocal repertoire
during winter. Alternatively or in addition, these threat
calls may also be produced in the context of gaining
access to breathing holes in winter. During austral
winter the number of open tidal cracks and leads in the
fast ice is limited, with the presence of cracks being the
major determinant of Weddell seal distribution in aus-
tral winter (Lake et al. 2005). This may result in compe-
tition between Weddell seals of both sexes for access to
breathing holes. Several studies have observed both
male and female Weddell seals to vocalize upon ascent
to breathing holes, possibly to chase away other indi-
viduals from the hole (Watkins & Schevill 1968, Evans
et al. 2004, Terhune & Dell’Apa 2006).

Weddell seal call type W8 was used only between
May and December and showed a peak in proportional
usage from August to October, the early onset of the
breeding season. This call type has been described as
the ‘guttural glug’ by Thomas et al. (1983) and Pahl et
al. (1997) and is assumed to have a threat function.
Most of the females are hauled out on the ice for
extended periods in October to give birth and suckle
their pups (e.g. Tedman & Bryden 1979 Thomas &
DeMaster 1982, Reijnders et al. 1990) and call type
W8 might therefore be used mainly or specifically by
males, serving a function in male–male competition.
The proportional usage of these calls decreases to-
wards the peak mating period in November–December,
possibly reflecting that calls used for mate attraction
become more prominent in this period. Alternatively,
males might also use fewer territorial calls in this

period because males are settled in their territories.
Injured males are often seen hauled out on the ice
alongside whelping females (I. Van Opzeeland pers.
obs.), possibly reflecting that contests for underwater
territories might have subsided in this period. Call type
W14 predominated during the mating (Ma) and mat-
ing+lactation (LM) period. This call type has been
repeatedly observed to be produced in-air by female
Weddell seals on the ice (I. Van Opzeeland pers. obs.)
and possibly represents a call type that is produced
mainly or exclusively by females. Given the period that
these calls were most predominant, they could serve to
signal female receptivity to males.

In contrast to Weddell seals, the vocal repertoire
composition of the pack-ice breeding species remains
relatively similar throughout their calling period,
reflecting that the function of these vocalizations is
potentially relatively uniform throughout the breeding
season and that there are no stages within the mating
season causing gradual change in repertoire composi-
tion as observed in Weddell seals.

For the pack-ice breeding species, their distance
from the observatory might cause some calls to be too
faint to be recorded, whereas such a bias is unlikely for
Weddell seals which are located on the fast-ice within
Atka Bay and just north of PALAOA. The precise loca-
tion from which the pack-ice breeding seals vocalize is
not known, but in austral summer the nearest pack-ice
areas are located within 10 to 20 km off the fast-ice
edge where PALAOA is located. In both the leopard
and Ross seal vocal repertoire, low frequency calls L6
and R3 were the most predominant call types. These
lower frequency calls are likely to transmit over longer
distances than the other call types, increasing the
chances of detecting these calls compared to other call
types. Alternatively, the high proportion of these lower
frequency call types in the vocal repertoire might be
real, reflecting precisely that these calls are used most
often because of their larger detection ranges. The
vocal repertoire of captive leopard seals was domi-
nated by call types L3, L4 and L6 supporting our obser-
vation that L6 forms one of the predominant call types
of the leopard seal vocal repertoire (Rogers et al. 1996).

For crabeater seals, separate analysis of both vari-
eties of moan showed that the low moan vocalization
occurred from August to December, wheareas high
moans occurred primarily in the first half of Novem-
ber (Klinck et al. 2010), which is the period in which
most females enter estrus (e.g. Siniff et al. 1979,
Shaughnessy & Kerry 1989). It is not known if female
crabeater seals also produce underwater vocalizations
and if the occurrence of the high moan could possibly
be attributed to females advertising their sexual
receptivity. Alternatively, the occurrence of the high
moan in the first half of November might also link this
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call type to male crabeater seals in periods when
intra-sexual competition for access to estrus females is
strongest.

Diel call activity patterns. Weddell seal diel call activ-
ity patterns differed substantially between months and
were in accordance with the patterns in call activity de-
scribed by Rouget et al. (2007) who monitored Weddell
seal underwater vocal activity from July to November.
The low vocal activity during winter daytime hours is
unlikely to be explained by haul-out behavior, as seals
are rarely observed on the ice in this period (e.g. Sato et
al. 2003, Rouget et al. 2007). Weddell seals are known
to depend on visual cues for underwater orientation,
hunting and location of breathing holes (Kooyman
1975, Wartzok et al. 1992, Burns et al. 1999, Davis et al.
1999). This led Rouget et al. (2007) to suggest that the
daytime periods with low vocal activity in July–August
could potentially be explained by the limited number of
light hours in that period which seals might utilize for
vision-dependent activities during which they vocalize
less. However, we also observed this bimodal pattern in
vocal activity in May and June when global radiation is
low and the light–dark cycle is virtually absent at the
site where this study was conducted (Koenig-Langlo &
Herber 1996). This suggests that Weddell seals use an
alternative cue to entrain their circadian rhythm in the
period of constant darkness in winter. Bornemann et al.
(1998) found a correlation between tidal rhythmicity
and semi-circadian rhythm of Weddell seal underwater
activity in summer; they suggested that in summer tidal
movement might affect abundance and distribution of
prey and that Weddell seals use the tide as a time cue to
optimize foraging efficiency. However, Testa (1994)
showed that Weddell seal dive depths in midwinter
darkness lacked the diel pattern of autumn and spring
dives. This leaves it unlikely that low vocal activity dur-
ing winter daytime hours could be explained by Wed-
dell seal foraging activity during which they would vo-
calize less or in deeper waters beyond recording range
(e.g. Rouget et al. 2007). Alternatively, the observed
diel rhythm in Weddell seal vocal activity might be en-
trained by social factors. Animals across various taxa in-
habiting environments that lack time cues are known to
socially and mutually synchronize circadian rhythms
(e.g. Crowley & Bovet 1980, Marimuthu et al. 1981,
Aschoff et al. 1983). Similarly, Weddell seals might use
the vocalizations of conspecifics to synchronize their
own vocal activity. In addition, all 6 call types that
occurred frequently enough to be included in the diel
pattern analyses have been described previously and
are thought to have a territorial and/or threat function
(Watkins & Schevill 1968, Thomas et al. 1983). Social
synchronization of vocal activity might aid to maximize
the effectiveness of signals used in male–male compe-
tition and female attraction. Towards September the

diel rhythm becomes less pronounced, which might be
explained by the fact that male–male competition be-
comes more intense and vocal interactions occur more
continuously. Adult males, territorial males in parti-
cular, are known to rarely haul out from early October
through mid December and spend most of the breeding
season under the fast ice (Harcourt et al. 2007).

Similar to Weddell seals, leopard and Ross seals both
exhibited continuous call activity in the months in
which mating takes place which might on the one
hand reflect the absence of factors constraining or
influencing vocal activity and on the other hand the
increased competition for mating partners promoting
continuous vocal activity. These findings are in ac-
cordance with previous studies that found that most
Ross seals haul out around solar midday in December,
while haul-out patterns in January were more variable
(Southwell et al. 2003, 2008).

For leopard seals, the continuous call activity ob-
served in December could possibly be explained by a
difference in male and female call strategies. Rogers et
al. (1995) observed leopard seals in captivity and noted
that the female called constantly for many days when
she was sexually receptive, whereas males called
throughout December and January. For males it might
be more advantageous to advertise their presence over
longer periods during the breeding season, which
might introduce a trade-off between the hourly call
rate and the total period over which a male can
energetically afford to be vocally active. Males might
therefore vocalize mainly during the hours that most
females are in the water, whereas females might vocal-
ize more continuously throughout the short period in
December that they are in estrus. Given that previous
studies found a clear diel pattern in leopard seal vocal
activity in December (Thomas & DeMaster 1982,
Rogers & Bryden 1997), a possible explanation for the
observed difference might be the ratio of male and
female callers at the different recording locations.

In addition, local ecological factors might also affect
vocal behavior differently between recording loca-
tions. Van Parijs et al. (1999) found that harbour seal
males adapted their temporal and spatial behavior to
the periods when most females were in the water. Site-
specific differences in ecological constraints on haul-
out behavior of female harbour seals were therefore
reflected in local variation in male display behavior.
The absence of environmental factors such as prey
availability constraining or influencing vocal activity at
Atka Bay might therefore result in the continuous leop-
ard seal vocal activity in December, whereas environ-
mental factors might affect the vocal activity patterns
in other areas differently.

In crabeater seals, the intensification of male–
male competition might have a contrary effect on call
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activity compared to the other species. Competition
between males for access to receptive females might
force males to remain hauled out for extended periods
during the day to defend the female against intruders.
In November, periods of vocal activity might therefore
be more restricted to the night and early morning
hours, which is in accordance with the pattern in vocal
activity observed in other studies (Thomas & DeMaster
1982, Klinck et al. 2010). The difference in call activity
pattern in October and December might reflect that
crabeater seal vocal behavior develops into a typical
2-peak pattern from start to peak mating season,
resulting from such intensification in male–male com-
petition.

Distribution

In contrast to leopard, Ross and crabeater seals,
Weddell seals are relatively stationary, remaining in
fast-ice areas where the presence of cracks and
breathing holes determine their distribution (e.g. Stir-
ling 1969, Lake et al. 2005). The species’ sedentary
nature is likely to explain the existence of geographi-
cal variation in vocal behavior on various spatial scales
(Abgrall et al. 2003, Thomas & Stirling 1983). Trills and
calls thought to have a function in territorial defense
such as call type W6, were present at all sites, while all
sites also had unique call types that were not shared
with other breeding populations. This study identified
14 Weddell seal call types, 13 of which have been de-
scribed previously. Nevertheless, the differences be-
tween call type representation, description and classi-
fication methods provided in a number of previous
studies complicate the comparison of call types be-
tween study sites. In most cases call types recorded in
this study exhibited subtle differences in acoustic
structure compared to the call types recorded at other
breeding populations, such as e.g. the different types
of descending chirp sequences that have been de-
scribed (Terhune et al. 1994, Moors & Terhune 2004,
Hayes & Terhune 2007). However, none of these de-
scriptions included the presence of a short ascending
whistle, which in this study always preceded call type
W2 and in some cases also W3, albeit in a less stereo-
typed form. Pahl et al. (1997) described this ascending
whistle as a separate call type (call type DC202).
Despite these differences, overall similarity in call
characteristics and structure showed that all call types,
with the exception of W4, could be classified into
previously described call types. Call type W4 (Fig. S1)
represents a strongly stereotyped chirp sequence that
differed from the chirp sequences recorded at other
sites. In contrast to the similar looking call types W2
and W3, call type W4 consists of 3 falling chirp seg-

ments followed by a low chirp. Call type W4 might
therefore represent a site- or region-specific call for
Atka Bay that is not used in other Weddell seal popula-
tions.

Leopard, Ross and crabeater seals move over much
larger spatial scales, which might also be reflected in
the absence of large differences in vocal repertoire
composition. In accordance to our findings, previous
studies report leopard seal call types L6 (‘low double
trill’) and L3 (‘high double trill’) to be the most common
call types (e.g. Stirling & Siniff 1979, Rogers & Cato
2002). However, call repertoire composition varies
between different locations (e.g. Thomas & Golladay
1995, Rogers 2007). Most of the call types in the
PALAOA recordings have also been recorded at Prydz
Bay, except for call type L4 (‘hoot’), which has only
been recorded in captivity (Rogers et al. 1996). Rogers
(2007) noted that call type L5 (‘hoot with single trill’)
was only recorded at 2 opposing locations of the
Antarctic continent, Prydz Bay and the South Shetland
Islands, and not at any of the sites in between. How-
ever, we found call type L5 also to be present in the
PALAOA recordings, which may suggest that there is
movement of animals between the South Shetlands,
Prydz Bay and Atka Bay. Differences between local
vocal repertoires can be used to make inferences about
potential movement and exchange patterns between
populations (e.g. Perry & Terhune 1999, Cerchio et al.
2001). In leopard seals, this is particularly exciting as
genetic studies have shown that there is sufficient
gene flow between breeding groups to prevent devel-
opment of population structure (Davis et al. 2008).
Nevertheless, it has been suggested that the fact that
there is geographic variation in vocal repertoires—
despite the low genetic variability between animals
from different regions—could indicate that some ani-
mals show site fidelity and that moving (potentially
juvenile) leopard seals adapt their vocal repertoire to
that of local breeding groups (Davis et al. 2008).

In our analyses, we did not discriminate between the
‘mid double trill’ and ‘mid single trill’ (Stirling & Siniff
1979, Rogers et al. 1996) and lumped all mid trills into
call type L7 (Fig. S2). However, Klinck (2008) found
that both mid trill types were present in the leopard
seal vocal repertoire recorded at Atka Bay. The ‘mid
double trill’ has so far only been recorded from animals
in the South Shetlands (Rogers 2007), which could
be an indication that there is movement of animals
between the South Shetlands and Atka Bay, but not
directly between Prydz Bay and the South Shetlands.
However, further investigation is needed to gain
insights into the relationship between leopard seal
local vocal repertoires and movement patterns.

For Ross seals, 4 of 5 call types in the PALAOA
recordings have been described previously (Watkins &
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Ray 1985, Stacey 2006) while one was only present in
the PALAOA recordings (Seibert 2007). Although
Watkins & Ray (1985) and Stacey (2006) used different
methods to categorize call types, their descriptions
confirm that at least R1, R2 and R3 have also been
recorded at other locations. Stacey (2006) also distin-
guishes a call type that looks similar to call type R5 in
this study (‘underwater call type B’). We found call
type R5 to be almost always associated with R4, which
is also reflected in the similar proportional usage of
these call types within the repertoire. However, both
call types also occurred independently, which is why
we have assigned separate call type names. The ab-
sence of call type R4 in previous descriptions of the
Ross seal repertoire could indicate that R4 is a region-
specific call and that Ross seal call repertoires differ
between areas.

Biotic factors

Prey availability

In many species, past experience with spatially and
temporally predictable food sources might cause ani-
mals to return to and concentrate in these areas during
periods that resources are abundant (Krebs & Davies
1993). The timing of the leopard seal mating period,
following the weaning of pups after which both
females and pups require extra food resources, might
have evolved to coincide with the period when the sea
ice breaks back towards the colonies and penguin
fledglings and seal weanlings are compelled to leave
the ice (Klinck 2008). Most leopard seal calls were
recorded in December which coincides with the period
in which mating occurs. In this period the presence of
the emperor penguin Aptenodytes forsteri colony as
well as the crabeater and Weddell seal breeding
colonies in and around Atka Bay likely provide an
attractive feeding spot for leopard seals. Given that
leopard seals are solitary animals outside the breeding
season, the presence of food sources that are reliably
present in Atka Bay every year might also function to
attract leopard seals to the breeding area and increase
the likelihood of finding a mating partner. In addition
to their own calls, the sounds from the penguin and
seal colonies might also function as ‘acoustic beacons’
where many animals concentrate to mate and forage.

Presence of predators

For crabeater seals, the likelihood of encountering
predators might be a factor influencing the timing of
vocal activity. Vocalizing crabeater seals might provide

location cues to leopard seals and might consequently
increase their predation risk. Gilbert & Erickson (1977)
suggested that crabeater seals might represent a more
important leopard seal food source than krill or pen-
guins. The peak in crabeater vocal activity in our data
set occurred in October. The peak in crabeater call
activity in November occurred when only few leopard
seal calls were present in the recordings, suggesting
that leopard seals might not yet be abundantly present
at Atka Bay in this period. However, most crabeater
seal body wounding by leopard seals has been sug-
gested to occur between weaning and attaining matu-
rity (Siniff & Bengtson 1977). If this reflects the main
age class that is targeted by leopard seals, the majority
of leopard seals might time their arrival in late Novem-
ber/ early December to coincide with the period when
most crabeater seal pups are weaned.

The presence of leopard seals, in turn, might be re-
stricted to the period that orcas Orcinus orca are absent.
Although the extent remains unknown, Siniff & Bengt-
son (1977) found evidence for leopard seal predation by
orcas. Preliminary analysis of the PALAOA data show
that in subsequent years, orca echolocation clicks and
vocalizations are present in the January recordings
when leopard seal vocal activity decreases rapidly.
However, further analyses of annual patterns in ceta-
cean vocal behavior are underway and will provide
further insight into such inter-specific relationships.

Abiotic factors

Soundscape: inter-specific acoustic niche partitioning

The observed differences between species in timing
of acoustic behavior might reduce acoustic interfer-
ence between calling individuals (i.e. jamming of sig-
nals) and increase the efficiency of signal propagation
(e.g. Sueur 2002). Partitioning of the acoustic environ-
ment or sequencing of acoustic activity, either based
on time, space or frequency bandwidth of signals,
is referred to as acoustic niche forming (Latimer &
Broughton 1984, Mossbridge & Thomas 1999, Sueur
2002, Brumm 2006, Boquimpani-Freitas et al. 2007)
and has been observed to occur both intra-specifically
and inter-specifically in orthopterans, amphibians and
birds (e.g. Ficken & Hailma 1974, Gerhardt 1994).
Harp seals are thought to overcome masking by calls of
conspecifics by using frequency and temporal separa-
tion of call types (Serrano & Terhune 2002). Moss-
bridge & Thomas (1999) suggested that orcas modulate
the frequency of their vocalizations as an adaptation to
the presence of leopard seals during periods that both
species exploit the same region. Particularly for spe-
cies that rely on signal propagation over long distances
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to find a mating partner, such as leopard and Ross
seals, acoustic niche forming might significantly re-
duce interspecific acoustic interference. Leopard and
Ross seal calls dominate the soundscape during rela-
tively short distinct periods in December and January
respectively and might temporarily ‘block’ the acoustic
space of other species. Such ‘blocking’ of acoustic
space might occur through the relatively high ampli-
tude of leopard seal calls (Rogers 2003) as well as the
broad frequency bandwidth that is covered by Ross
seal vocalizations, and might contribute to prevent
inter-specific acoustic interference. Weddell and crab-
eater seals on the other hand, communicate over much
shorter distances and might therefore not depend so
much on efficient signal propagation. Complete sepa-
ration of the period during which a species is vocally
active might on the other hand not be possible because
of other abiotic and biotic factors, such as the availabil-
ity of prey, suitable ice and thermoregulation (haul out)
which might further restrict the breadth of the acoustic
niche of each species.

Ice conditions

The observed differences in the number of calls in
January 2006 and January 2007 for Weddell, leopard
and Ross seals suggests that a lower number of animals
was present in the area around the observatory in 2006
compared to 2007. Despite the difference in the num-
ber of samples that were analysed in January 2006 and
2007, in both years samples were not biased towards
certain times of day during which vocal activity was
higher and such a sampling bias cannot therefore have
influenced the results. Although Weddell, leopard and
Ross seals depend on different ice types for breeding,
they all rely on the large-scale reliability of sea-ice
development. Previous studies found that inter-annual
variability in sea-ice extent and composition affects
behavior of ice-breeding pinnipeds: Siniff et al. (2008)
observed fewer adult Weddell seals at the breeding
area in McMurdo Sound in a year when ice closed off
cracks that had reliably been open in previous years.
In bearded seals, the number of displaying males was
found to be restricted by between-year fluctuations in
ice cover (Van Parijs et al. 2004). Not only differences
in ice conditions between years might affect pinniped
acoustic behavior, but seasonal availability of ice suit-
able for haul-out and pupping might also affect vocal
behavior. The absence of Weddell seal vocalizations in
the PALAOA recordings throughout February might
reflect a short period during which seals might have
moved (either actively or drifting passively on ice floes)
out of Atka Bay to areas where suitable ice for haul-out
was still present. Weddell seals aggregate along pre-

dictable annual tidal cracks in the fast ice close to the
ice shelf edge of Atka Bay (J. Plötz pers. obs.). Seasonal
fast-ice breakup in this area usually occurs in Febru-
ary, after which the ice sheet builds up again in March
and April (G. König-Langlo pers. comm). Green &
Burton (1988) also observed a very low number of
Weddell seal calls in Long Fjord near Davis station
(68° S, 78° E) between February and early April, fol-
lowed by a period with a distinct lack of Weddell seal
vocal activity in May and June during which no seals
were sighted in the area. They suggested that the lim-
ited amount of ice available for seals to haul out on in
addition to the potentially depleted food stocks in the
pupping area might have caused seals to move out of
the fjord. Alternatively, if calls play a role in Weddell
seal territorial disputes throughout the year, as dis-
cussed previously, vocal activity might be linked ex-
clusively to the presence of fast-ice being a prerequi-
site for the existence of underwater territories. In this
case, seasonal fast-ice break-up in February would
dissolve the underwater territorial system which might
be reflected in the absence of Weddell seal vocali-
zations in this month.

Implications of a changing environment for Antarctic
pinnipeds

All 4 species rely on different sea-ice habitats for
most or at least critical portions of their life history and
the effects of climate change are therefore likely to
have differing impacts on each species. In Weddell
seals, population dynamics have been linked to clima-
tological cycles, mediated through changes in sea-ice
extent and concentration (Testa et al. 1991, Siniff et al.
2008). Pup incidence was lower in years when sea-ice
was more extensive, possibly related to decreased
foraging success through the reduced amount of open
water available for primary production ultimately affect-
ing fish availability (Hadley et al. 2007). In crabeater
seals, ice extent might also have an indirect impact
given that sea-ice extent affects recruitment and abun-
dance of krill, their primary prey (Siniff et al. 2008).
Moreover, for pupping, crabeater seal females select
ice floes based on floe size and physical characteristics
(i.e. surface relief; Siniff et al. 1979) which offer pro-
tection from predation by leopard seals and orcas.
Changes affecting the availability and duration of
availability of such sea-ice types might also directly
affect crabeater seal populations, e.g. through reduced
reproductive success when floes melt before lactation
is complete. Siniff et al. (2008) suggested that leopard
and Ross seals might be less sensitive to changes in
sea-ice given the fact that they are not philopatric with
respect to breeding areas. However, this study and
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preliminary analyses of PALAOA data from following
years show that calls of leopard and Ross seals reoccur
each year and coincide with the mating period.
Although information from Atka Bay on site-fidelity at
an individual level is lacking, the PALAOA data sug-
gest that at least on a species level animals return to
the same breeding areas each year and might there-
fore be more philopatric than previously thought. Con-
sequently, for these species local changes in ice condi-
tions might also result in loss of site-specific breeding
locations. Such changes might in turn also have conse-
quences for other species, for example through shifts in
timing of mating and the resulting changes in acoustic
space. Acoustic techniques form an important tool to
monitor such reponses to human-induced changes in
environmental conditions (Laiolo 2010), particularly in
remote areas such as the Antarctic.

Compared to other areas in the world, the Antarctic
is still a relatively pristine area with respect to anthro-
pogenic impact (Halpern et al. 2008). However, as in
many other marine ecosystems, anthropogenic impact
such as noise caused by e.g. vessels or seismic explo-
ration can influence marine mammals in various ways
(see Southall et al. 2007 for a review). Changes in the
local soundscape as a result of anthropogenic activities
can alter vocal behavior of species in affected areas or
affect prey distribution (Southall et al. 2007) and are
therefore also of potential influence on the acoustic
ecology of Antarctic pinnipeds. To understand these
impacts, knowledge on how species use acoustic space
and the factors that shape acoustic behavior is indis-
pensable.

Further investigation involves multi-year compar-
isons of vocal behavior of Antarctic pinnipeds and inte-
gration of the acoustic data in habitat models to con-
trast environmental attributes associated with seasonal
occurrence and call rates. These approaches will con-
tribute to improve our understanding of the fundamen-
tal ecology and acoustic ecology of Antarctic pinnipeds.
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