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The male harbor sedPhoca vituling produces broadband nonharmonic vocalizations underwater
during the breeding season. In total, 120 vocalizations from six colonies were analyzed to provide
a description of the acoustic structure and for the presence of geographic variation. The complex
harbor seal vocalizations may be described by how the frequency bandwidth varies over time. An
algorithm that identifies the boundaries between noise and signal from digital spectrograms was
developed in order to extract a frequency bandwidth contour. The contours were used as inputs for
multivariate analysis. The vocalizations’ sound tygesy., pulsed sound, whistle, and broadband
nonharmonic sound were determined by comparing the vocalizations’ spectrographic
representations with sound waves produced by known sound sources. Comparison between colonies
revealed differences in the frequency contours, as well as some geographical variation in use of
sound types. The vocal differences may reflect a limited exchange of individuals between the six
colonies due to long distances and strong site fidelity. Geographically different vocal repertoires
have potential for identifying discrete breeding colonies of harbor seals, but more information is
needed on the nature and extent of early movements of young, the degree of learning, and the
stability of the vocal repertoire. A characteristic feature of many vocalizations in this study was the
presence of tonal-like introductory phrases that fit into the categories pulsed sound and whistles. The
functions of these phrases are unknown but may be important in distance perception and localization
of the sound source. The potential behavioral consequences of the observed variability may be
indicative of adaptations to different environmental properties influencing determination of distance
and direction and plausible different male mating tactics2@4 Acoustical Society of America.
[DOI: 10.1121/1.1782933
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I. INTRODUCTION Van Parijset al, 1997, 1999, 2000a; Hayet al, 2004; see
Fig. 1). The best-known harbor seal vocalization is a broad-

The _harbor sga{Phoca vituling is an aquatic-mgting band, nonharmonic roar with energy in the frequency range
phocid with a mating system generally considered to 'nCIUd%etween 50 and 4000 Hz. The roar is the only harbor seal

iggil_ gg:ggsarg)Ifﬂ:gﬂ:i‘{?’gg;ﬁgﬁ' er;r, 1|9;r?d g(':%%s vocalization that is reported from all studied areas, i.e., USA
' ' ) ' ' 99 (Hanggi and Schusterman, 1994; Haysal, 2004, Nor-

terman, 1994; Thompsaet al, 1994; Van Parijt al, 1997, .
: . way (Bjarge et al,, 1995, Sweden(Wahlberget al, 2002,
1999, 2000h During the mating season, from July to late cotland, U.K.(Van Parijset al, 1997, 20005 and Canada

August, male harbor seals restrict their home range and staV Pari | 2002: 2003 The f . fth
spending much of their time in the water at particular sites an Parijset al, ’ 3 The function of the roar vo-

where they perform short stereotypic dives described as dig2lization appears primarily to be advertising the presence of
play activity (Bjerge, 1995; Van Parijet al, 1997, 1999, & male in breedmg condition, and has _tr'\erefore been sug-
2000a, 2000b; Hayest al, 2004. Favorable display sites gestgd to be u_sed in mal_le—male competition and/or_as repro-
are generally located in areas where female encounter rate §ictive advertisement display to attract femaldanggi and
particular high(e.g., close to female haul-out and pupping Schusterman, 1994; Van Parigt al, 1997, 1999, 2000a,
site9, but males have been shown to display also over £000b; Hayest al, 2004. Similar sexual display behavior
wider area covering the whole of the female distributionis observed in other male pinnipeds such as walr(Seo-
(Van Parijset al,, 1997, 1999, 2000aThe short, stereotypic benus rosmarys(Ray and Watkins, 1975; Stirlingt al,
dives may be repeated for periods up to 7 hours and malek983, 1987, bearded seal&rignathus barbatus(Rayet al,
appear to show strong site fidelity towards display sitesl969; Cleatoret al, 1989, and Weddell seald_eptonycho-
(Bjgrgeet al, 1995; 2002; Van Parijst al, 20000. During  tes weddel)i (Thomas and Kuechle, 1982; Thomas and
each dive, the male emits between one and five loud vocabtirling, 1983 seals.

izations(Hanggi and Schusterman, 1994; Bjgeeal., 1995; Recent research has shown that vocal variation in harbor
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Spectrogram not suitable because the peak frequency will vary randomly
o | across the time axign accordance with the random nature of

Frequency (kHz)

. S SRR AEESET E 28 such signalg Clarket al. (1987 generated an algorithm that
Time ) used the entire spectrogram of swamp spartMelospiza
Time (min) georgiana songs, rather than an extracted contour. Similarity

5 10 15 30

: between two songs was computed by cross correlating the
‘ [ “ ’ H ‘ numerical intensity levels along the time axis, and the result-
\ |

B [ ing peak value of the correlation expressed the extent of how

& UJL‘ well the intensity levels in two songs overlap each other.

“) WW""\”‘ HU\/M{/ ],mﬂv‘ W This algorithm cannot describe the vocalizations themselves,

’ vocalization only the differences between particular pairs of vocaliza-
20 tions.

FIG. 1. Dive profiles and a spectrogram of an adult male harbor seal disA. Study objectives
playing and vocalizing, 23 July 1995 at Eynhallow, the Orkney Islands, i ) . .
Scotland, U.K. The first aim of the present study was to investigate

patterns of vocal geographical variation in six colonies in the

: : . ortheast Atlantic by means of an algorithm for extracting
seal roars occurs at the oceanic, regional, population, a

subpopulation levelVan Parijset al, 1999, 2003 as well as requency ban_dwidth (_:ontours of harbor se_al vocalizz_itio_ns.
individual variation in temporalVan Parijset al, 2000a The ;egond aim of th!s study was to provide a qualitative
. i description of the detailed acoustic structure of the roar pro-
and spectral featureddanggi and Schusterman, 1994; Van T .
Parijset al, 20004, Factors that appear to have been impor_duced by harbor seals, and classify it into traditional sound-
types categories such as nonharmonic sounds, pulsed sounds,
tant in the development of vocal geographic differences in Lnd whistles.
harbor seals and other pinniped$omas and Stirling, 1983;
Thomaset al, 1988; Cleatoret al, 1989; Terhune, 1994,
Van Parijset al, 2000a; 2008includes: (1) long distances
between recording site§2) a strong fidelity to specific Vocalizations were recorded at six harbor seal colonies
breeding sites(3) vocal learning;(4) a polygynous mating in the Northeast Atlanti¢Koster in Sweden; Eynhallow in
system; (5) different acoustic transmission properties; andScotland; Sandgy, Froan, and Kongsfjord in Norwiglg. 2)
(6) adoptions to various environmental challenges that influduring the mating season of 1995 and 1996. Each study site
ence male mating strategy. holds the major seal colony of the respective area, and com-
To investigate individual and geographical differences,prises coastal archipelagos with numerous intertidal rocks,
Hanggi and Schustermal1994 and Van Parijsetal. small islets, and islands serving as haul-out sites during the
(20002 identified specific frequency boundaries within the breeding season. The diel and tidal cycle varies inversely
frequency range of the roars. The boundafieg., max and from south to north. Kostefsite 1, Fig. 2 has the smallest
min value$ were read off directly from spectrograms, by tidal amplitude(30 cm), and the sun is down for almost 5 h,
evaluating the darker and lighter shades that represent thehile Kongsfjord(site 5, Fig. 2 has the largest tidal ampli-
intensity levels. Although the roar’s frequency bandwidthtude (200 cm and 24-h daylight during summer. At Sanday,
may be reliable identified by individual researchers usingand partly Nordmjelddsite 3 and 4, Fig. R haul-out sites
this method, the technique is subjective and will probablyare distributed over large areas, whereas in Eynhallow, and
generalize poorly across researchers. Moreover, computeespecially Kongsfjordsite 5 and 6; Fig. R the seals appear
based spectrographic screen measurements are still mantial prefer one or two haul-out sites, and are therefore less
and do not take advantage of the possibilities that digitatlispersed. Koster and Froésite 1 and 3may be considered
spectrograms offer. Using a computer not only reduces huas intermediate regarding the distribution of suitable haul-out
man judgments but makes it less cumbersome to extract sites (for more details on localities see Roemal, 1994
large number of variables from each vocalization. Analytic[Koster, Froan, and Kongsfjotd Bjagrge etal, 2002b
techniques that utilize the underlying numerical intensity lev-{Sandgy, Bjegrge et al, 1995 [Froan, Wiig, 1988 [Nord-
els have recently been exploré8uck and Tyack, 1993; Mc- mijelde], Henriksen and Haug, 1994&ongsfjord|, and Van
Cowan, 1995; Murraet al,, 1998. Buck and Tyack1993 Parijset al, 1997[Eynhallow).
developed an algorithm that extracted the frequency compo- Recordings were made from small boats, either an-
nent with the most energy to obtain a time-varying pitchchored or drifting close to calling animals. The hydrophone
contour of bottlenos€Tursiops truncatuswhistle. Similarly,  was fixed beneath a spar boy to reduce vertical motion, and
McCowan (1995 and Murray et al. (19989 characterized lowered 1 b 3 m below the surface. A recording session
bottlenose and false killer whal@seudorca crassidepso-  started when we heard vocalizations of good qudlised
calizations by 20 and 30 measurements of the peak fresn our subjective impressip@and lasted from a few minutes
guency, as well as changes in the duty cy@dlirray et al., to 4 h. In 1995, a custom-built hydrophoiiequency re-
1998. These techniques ensure an objective description asponse 0.02 to 70.00 khiand amplifier(Sea Mammal Re-
the vocalizations and make it easier to compare results frorsearch Unit, University of St-Andrews, Scotland, Jas
different studies. However, in nonperiodic signals, such asised, and in 1996 a Beli & Kjaer 8104 hydrophonéfre-
the harbor seal roar, dominant frequency measurements agelency response 0.01-75.00 kH2.0 dB) was used. A

II. DATA COLLECTION
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FIG. 2. Map showing the recording sites at six areas of

Norwegian the Northeast Atlantic(1) Koster in Bohusla County
Sea on the Swedish west coa$) Sandgy in Mgre County
L5 . .
Fawe Island 0807-1003 { g on the Norwegian west coasi{3) Froan in Sar-
J N=89 Trendelag County on the Norwegian west codd);
' ?ffiﬁmmz e Nordmijelde in Nordland County in Northern Norway;
Shetlodliles @,

way; (6) Eynhallow in northwest Orkneys in northern
Scotland, U.K. Numbers beside sites represent record-
ing dates.

Ei (5) Kongsfiord in Finnmark County in Northern Nor-
0207-0408 & ;;f \
N 12h . /‘

Sony digital audio tape recordédAT), TCD-D7, was used and sampling size 8 bit) onto a Macintosh computer using
for all recordings. The frequency response of the recordinghe canaRry software packagéCornell Laboratory of Orni-
equipment was limited by the tape recorder, which uses #ology; Charifet al, 1995. The digital spectrogram was
sampling rate of 44.1 kHz, for a frequency bandwidth to 22computed using Hanning window®ppenheim and Schafer,
kHz. This bandwidth is well within the frequency range of 1998, 16 384-point FFTs, and overlap factor of 8. This
harbor seal vocalizations<(5 kHz) reported by Hanggi and yje|ds a frequency-by-time matrix in which each column rep-
Schustermari1994. o _ S resents a sound spectrum derived over 743 ms. The fre-
From each colony, 20 vocalizations with a high signal-g,ency resolution of the spectrum is 5.4 Hz and the dynamic
to-noise rafio were Chosen for analys!s, yielding a data set ange is 48 dB. The start- and endpoint of the vocalizations
6> 20=120 vocalizations. To maximize the breadth of the, e e jgentified from the digitized waveform, and if obscure,
sample at each site, recordings were made over a ra_\dlus of & mbined with the spectrogram displE§igs. 3a) and (b)].
IeasF 20 km at each colon@e.g._, recorded 15_60 min and The vocalization lengthl() varied from 5.8 to 23.8 s. To
moving the boat to a new position several kilometers gway ensure that corresponding variables in vocalizations with dif-

The recording positions were fixed with a GPS receiver, . Lo
. e e . ferent durations reflect the same relative time sequéscg,
(Garmin GPS 4 and if drifting, start- and endpoint, as Welloyariable 20 reflects the middle part in all callshe band-

as intermediate readings were taken. The positions were pl width for each vocalization was estimated at regular intervals

ted on boat sport chart4:50.000 or 1:20.000and clustered of L/40. With an overlap factor of 8, this procedure had a

in discrete groups considering both space and time. Based on . . £ mini 16 Th £ 40 iabl
a “signal-to-noise character{0—6), previously assigned to precision of minimum ms. The use o variables was

each vocalization by listening to the tapes, vocalizations Wm_FEOSGn ?IS a tradel-.off .betweeg adetg.uately desclelng the
good quality (character 4—6 from at least five different shape of long vocalizations and avoiding too much redun-

groups were randomly chosen for analysis. Based on the evfant information in short vocalizations. Preliminary analysis
dence that males seem to display consistently within th&nowed that no vocalization contained energy above 2500
same small discrete areas throughout the mating seas . Thus, to increase computer speed, the overall bandwidth
(Bjorgeet al, 1995; Van Parijet al, 1997, this procedure of the matrix was reduced from 11500 to 2500 Hz so that
should ensure that several individuals are analyzed from eadiffore presentation to the *frequency bandwidth contour”
colony. In addition, at several recording sites, several seafd/gorithm each vocalization was represented with a 41
were obviously calling simultaneously within the audible 9800 matrix. The next step was to obtain a contour from
distance of the hydrophone, increasing the likelihood of rethe normalized matrix, where the contour was the value of

cording several individual males. the lower and upper frequency boundary of the bandwidth in
each column(Fig. 3). We selected the average intensity of
. ANALYSIS the matrix as reference value, and defined the upper and

lower frequency boundaries of the bandwidth as the fre-
quency coordinates where the intensity in ten vertical neigh-
In order to describe the harbor seal vocalizations, aboring cells exceeded the overall average intensity level of
algorithm was developed in an attempt to extract a timethe matrix by 12 dB[Fig. 3(c)]. This threshold value was
varying contour of the vocalizations’ frequency bandwidth.arbitrary, but turned out to be sufficient to capture the general
The selected 120 vocalizations were first normalized to thehape of the vocalizations and eliminate background noise.
same peak amplitude and digitizésampling ratee22 kHz ~ Repeating this approach for each colufspectrum yielded

A. Frequency contour
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@ assumed that the first value was an artifact and replaced the

Q
é value of the cell with the average intensity in the matrix.
g
é’ B. Geographic variation
§ PRIMER (Clarke and Warwick, 1994was used as a sta-
: : : : : : : : : tistical tool for exploring potential patterns within the data
24 6 8 10214 16 I8 set. The frequency contours were converted to a triangular
5| ® Time () matrix of similarity between each pair of calls using a Bray—
Curtis similarity coefficient(Bray and Curtis, 1957 and
201 grouped by means of hierarchical agglomerative cluster

analysis and finally ordinated with nonmetric multidimen-
sional scaling(MDS; Kruskal and Wish, 1978 The results

are presented as a dendrogram that clusters the contours in
discrete groups, and as a two-dimensional ordination plot
that visualizes the relationship between contours. One impor-
tant feature of the multivariate analyses is that they in no
way utilize any known structure among the contours of the
colonies(Clarke and Warwick, 1994 The dendrogram and

0 2 4 6 8 10 12 14 16 18 ordination were constructed only from the pairwise similari-
Time (s) ties among the 120 contours.
(c) 1.0
= C. Traditional analysis
z s <12dB , o »
g N 06 v To determine the. voca!lzatlons' sound types, traditional
2 T“i““"'f‘"“““ = ek analyses based on visual inspections of waveforms, spectra
E oo ey o4 and spectrograméavies, 1964; Watkins, 196 &vere per-
& mm” 02 formed on all vocalizations. Analysis resolutioffilter
| " - ’“1 - bandwidth/frame lengdhwas selected to emphasis acoustic
KHz Time, 0.7 s structure of interest in either the time- or the frequency do-
@ main, i.e., both “wide- and narrow-band” spectrograms were
251 produced. The time- and frequency range may be scaled to
emphasize fine details of interest. Power spectra and wave-
201 ¢ = upper frequency boundary form were available for any events in the signal.
& X = lower frequency boundary
IV. RESULTS

A. Patterns of geographic variation in the six harbor
seals colonies

Based on the frequency contours, the six colonies were
divided clearly into two major acoustic groupbig. 4(a)].
: . | Group A consisted of Koster, Froan, Nordmjelde, and Kongs-
0 loRelaﬁve timio(ﬁme bloc;ﬁumber) = fjord, and group B contained _San_dﬂy a_nd Eynha_l[(ﬁAg. _
4(a)]. Only 6 of the 120 vocalizations did not fit into this
FIG. 3. Graphic illustration of how the frequency bandwidth was extractedpattern (four from Kongsfjord and two from SandgyThe
from the harbor seal roarg¢a) The waveform;(b) The spectrogram with two major groups could further be subdivided into several

superimposed contour. Analysis resolutiofi3 Hz and 93 ms(c) Spectrum . 0% cirmilar 0
and spectrogram illustrating schematically how the algorithm identifies andSUbgrOUpS' At approxmately 84% Slmlla”ty threshold, 87%

extracts the frequency coordinates. Analysis resolatiom Hz and 743 ms;  Of the contours were grouped together with vocalizations
(d) The frequency contour. from the same geographical arfiéig. 4@)]. Thus, all sub-

groups are dominated by vocalizations from a single colony.

The MDS plot (stress 0.13) is in agreement with the den-
an estimate of the frequency bandwidth of each roar at 48lrogram, although there is more disturbance between sub-
points in time[Fig. 3(d)]. Some vocalizations included noise group A5 and AqFig. 4b)]. The agreement between the two
(mainly from waves hitting the boat or vertical movementsanalysis methods suggests that the subgroups, and thus the
by the boak in the analysis window with equal intensity as frequency patterns, varied geographically. The analyses also
the signal of interest. To avoid that, spurious peaks such asdicated that seals in Koster and Nordmjelde used two vo-
these were registered as part of the vocalizations; the algaalizations types. These types had different frequency pat-
rithm checked if the average intensitfor the same fre- terns, e.g., the powerful roar ending the vocalizations consti-
quency interval in either of the two next columns also ex- tuted the greater part of the vocalizations in one type from
ceeded the specific frequency boundary. If not, the algorithniKoster [Fig. 4(c)]. A nonparametric test, ANOSIMClarke
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FIG. 4. Summary of acoustic relationship of six harbor seal colonies in the Northeast Atlanfitie degree of acoustic similarity expressed as Bray—Curtis
similarities, and displayed as a simplified dendrogram and a two-dimensional MDS plot with superimposed groups from the deri@jo§eanple
spectrogram of vocalizations from the colonies and subgroup in the similarity analysis. Note the two different vocalization types at KostermgeldeNord
Analysis resolutior 43 Hz and 93 ms. Segment shown in Fig. 5 is marked.
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TABLE I. ANOSIM pairwise comparison of the frequency contours to the six seal coloniesRTveues
indicates the degree of separation, i.e., Sandgy and Froan/Nordmjele are best separated, while Froan and
Nordmijele are least separated. Note: All colony pairs are significant diffeRern0(05).

Koster Sandgy Froan Nordmijele Kongsfjord
Sanday 0.93 oo
Froan 0.61 0.94 e
Nordmijele 0.37 0.94 0.29 e
Kongsfjord 0.48 0.67 0.57 0.48 B
Eynhallow 0.87 0.35 0.87 0.91 0.64

and Warwick, 1994 showed that differences between all 2. Tonal sound

colonies were significantR<0.005; Ryjopa= 0.63; Table J. ) o
b. “Warble.” This sound type showed a combination of

pulsed- and frequency-modulated structlifeg. 5(b)]. The
B. Acoustical pattern most striking feature was a rhythmic frequency-modulated
carrier wave that varied between 240 and 300 Hz at a rate of

The harbor seals’ vocalizations recorded in this study1 Hz. The pulsed component, indicated by the third peak in
were broadband roars with most energy concentrated arouq . . e .
e 4096-point(21-H2) spectrum[Fig. 6b)], had a carrier

N N
280 Hz (=74 Hz) but with intense bandsnore than 12 dB frequency around 450 Hz and a pulse rate of 18 Hz. The

above the background leyeht intervals up to 2000 Hz . ) . -
(average=1111 Hz, SD 346 Hi Frequency range typically large accompanying amplltude_ modulafuon_ was also visible
' by a close examination of the signal. This distinct sound type

increased as the roar progressed, usually with a very abruevas only found in vocalizations from Eynhallo@0%, Table

increase in intensity and frequency bandwidth towards th?l) and was produced at the beginning of the vocalizations
end of the vocalizatiorthighest frequency was located on (2’7i0 75). To the human ear, the signal had a rumbling

average 82% 7% out in the ca)l. Vocalization length var- : . . L . .
. . . uality with characteristic variations in the pitch.
ied between 5.8 and 23.9 s, with an average duration of 15. . ot
c. “Tonal pulsed.” This sound type was composed of a

s (=£4.05s). - .
( The n)1ajority of the vocalizations from Sanday, Kongs- pure tqne arounq 200 Hz with regular pulse length and inter-
fiord, and Eynhallow started with a characteristic short,!Dljlse intervals{Fig. 5c)]. Short (3.2-0.6s) tonal pulsed

tonal-like introductory phrase that was amplitude- and/orfre—'mrOOIUCtory phrases were typical for vocalization from

quency modulated with high relative intensitjable 11). In Sandgy(Table Il). The signal had a growling quality, similar

o to a series of gutturalthroaty) R’s. Although characterisic
contrast, the vocalizations from Koster, Froan, and Nord- o

. S : o for Sandgy, two vocalizations from Eynhallow also started
mjelde showed a relative intensity that was building up

. with a similar but longer pulse train (6:51.6 s). Moreover,
gradually during the call and was only composed of broads : : o
. less intense and marked pulses were identified after the
band, nonharmonic sound. B . " . o
warble and whistle buzz” phrases in vocalizations from
Eynhallow and KongsfjordTable II).
d. “Whistle-buzz."The whistle was similar to a simple,
a. “Spectrally structured sound.This was the dominat- continuous sine wave but differed by having a small, irregu-
ing sound type in all vocalizatiori@able Il). The sound type lar frequency modulatiofiFig. 5(d)]. The carrier frequency
is characterized by a broad frequency bandwidth with rela{center frequengywas around 180 Hz and the maximum
tively intense spectral peakBig. 5a) and Fig. &a)] giving  frequency magnitude variation was approximately 30 Hz.
an aural impression of a continuous r¢Big. 5a)]. In 75%  This sound type was only found in the start of vocalizations
of the vocalizations from Nordmjeldeoars clustered in sub- from Kongsfjord (Table Il). The whistle was usually fol-
group A5 in Fig. 4a)] the roar had a rumbling quality due to lowed by a very short tonal-pulse train with interpulse inter-
much more marked time-varying spectral peaks, i.e., distinctals close to the lower limit of human perception, making it
pulses exhibiting broadband energy. difficult to separate the pulses in time. To the human ear, the

1. Broadband nonharmonic sound

TABLE II. Frequency of occurrence of sound-types in all six seal colonies.

Occurrence of frequency %

Colony
Category Location in call Koster Sandgy Froan Nordmjelde Kongsfjord Eynhallow Overall
Spectral structured Whole call ex. the 16.7 16.7 16.7 16.7 16.7 16.7 100
introductory phrase
Warble (FM+AM) Introductory phrase 0.0 0.0 0.0 0.0 0.0 15.0 15.0
Tonal pulsedAM) Introductory phrase 0.0 16.7 0.0 4.2 15.0 16.7 52.5
and part 1
Whistle (FM) Introductory phrase 0.0 0.0 0.0 0.0 15.0 0.0 15.0
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FIG. 5. Examples of four different sound types marked in Figa# Spectral-structured soun¢y) Warble;(c) Pulse train;d) Whistle. Analysis resolution
=342 Hz and 12 ms fofa), (b), (c), and analysis resolutien171 Hz and 24 ms fofd).

whole phrase appeared virtually continuous and bore &as been used successfully to align the fundamental fre-

strong resemblance to a buzzing bumblebee. quency contour of bottlenose dolphin whistuck and Ty-
ack, 1993. This is a more complex method, and one loses

V. DISCUSSION information about the percentage proportions that each part
constitutes.

A. Methods

The threshold value of 12 dB was determined through

Since the harbor seal vocalization has a complex acousxperimentation and observation. The threshold value was
tic structure, it was important to develop a method that couldset relative to the average intensity value of the normalized
objectively recognize the boundaries of the frequency bandmatrix, rather than the standard approach of measuring the
width. The technique used in this study analyzes numericalistance(in Hz) at a predetermined point dowim dB) from
values from digital spectrograms to extract a frequency bandhe peak frequency. This made the algorithm vulnerable to
width contour. There may be reason to question the reliabilintense background noise such as waves hitting the side of
ity of bandwidth measurements in general. However, comthe boat. However, the alternative, using the peak frequency
paring the contour of the vocalizatiorise., its “shape’  for each time block, means that the random peak frequency
rather than a few discrete measurements will probably reduceaust be used as reference point. The critical ratio of harbor
some of the effects of different recording conditions, such aseal is around 19—27 d8urnbull and Terhune, 1990Since
different recording distances. As vocalizations from morethe matrix was reduced to 2500 Hz, the roar constitutes a
colonies are compared, useful variables for exploring variconsiderable part of the energy in the analysis window. Thus,
ability in harbor seal vocalizations may change. However, at is likely that the contour portrays energy that the seals are
time-varying contour will probably be more univers@ut  able to hear.
see Van Parijet al, 2003.

The technique used to “align” the contours in this study B P ¢ hi -
assumes a high level of temporal consistency, e.g., if vocal-" atterns of geographic variation
ization length increases, the length of each part must increase Comparison of harbor seals’ vocalizations from six colo-
correspondingly. This was the case for most of the harbonies in the Northeast Atlantic revealed geographic variation
seal vocalizations. However, in two vocalizations fromin the frequency contours and use of sound types. The dis-
Kongsfjord, the powerful end constituted a considerablytance between the six harbor seal colonies ranges from 200
larger portion of the total vocalization. Other methods ofkm to more than 2000 kniFig. 2). The lack of correlation
aligning contours exist, e.g., “time warping,” which was de- between acoustic relationshigig. 4 and distancdFig. 2
veloped for the problems of speech recognition. This methoduggests that the main causal factor responsible for the ob-

g Max value Max value (1 st and 2nd peak)

2> F . =255 H: i

g e * / ™, Max value (3rd peak)

3 FB.W= X, —x, =380 Hz

£ 3 Threshold level W

2 ",,-w

Z VWA WA,

8

3 O N MW""\/..-M'U\«/" WA,
0.0 05 10 1.5 0.0 05 1.0 15

kHz
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served geographical differences in the repertoire may be ge@ossible limited exchange of animals may be present but
graphic isolation. The harbor seal is regarded as stationampay be masked by the harbor seals ability to learn new
(Thompson and Miller, 1990 with only limited movement sounds by imitation, and by immigration of juvenile seal’s
throughout the yea(Bigg, 1981. Strong site fidelity prob- that have not yet learned the adult repertdtres roar vocal-
ably results in sufficient isolation for the vocalizations to ization).

evolve independently in the colonies, leading to vocal diver-

gence with time, and maintaining acoustic integrity of theC. Acoustical pattern

colonies. Large distances, combined with a strong fidelity to 5 particular feature of our dataset were the short intro-

specific breeding sites, were also thought to be the prindpaductory phrases that were amplitude- and frequency modu-
reason for geographic variation in the repertoire of Weddel|,;.q4 (Fig. 5 and Fig. & These sound types have, to our

seals (Thomas and Stirling, 1983; Thomazt al, 1988,  ynowiledge, not been documented in other harbor seal colo-
bearded seal¢Cleator et al, 1989, harp seals(Terhune, pjeg that have been fairly well studiétianggi and Schus-
1994, and harbor sealé/an Parijset al, 2003. terman 1994; Van Parijgt al, 1999, 2000a, 2003; Hayes
The large vocal difference between Sandgy and Froag 51, 2004. Tonal introductory phrases were characteristic
(area 2 and 3; Fig.)2shows that disjunct vocal variations o, seals from Sandgy in Mgre, Kongsfjord in Finnmark and
also can occur over relatively small distances. Although th%ynhallow at the Orkney Island3able 1I). Similar patterns
two colonies are only separated by only 200 km, the sealgng sound types are well known in other marine mammals,
produced very different roars and were actually divided mtoe_g_’ the “warble’[Fig. 5(b)] and “whistle buzz’[Fig. 5(d)]
different major acoustic group&ig. 4). Moreover, the two 46 found in harp sealsalls 4, 5, 8 and call 2 in Mglet al,
colonies had the largesR value of all colony pairs 1975 and Terhune, 1994
(ANOSIM=94%; Table ) and all Sandgy roars started with  An important and crucial feature of an advertisement
the characteristic pulse train which were not present in roargnq territorial call is the possibility for receivers b deter-
from Froan[Fig 5(c); Table Il]. Local variations in repertoire mine the location(i.e., direction and distange(2) identity;

have been described in a few pinnipeds. Cleatal. (1989  and (3) the reproductive status and quality of the sender.
and Van Parij®t al. (2000a, 2008found distinct differences Tonal pulsed sound was identified in half of the vocal-

in bearded and harbor seal vocalizations between two colqzations and may have functions in sound localization and

nies separated by only 150 km. If variation in underwatergdistance perception. A possible mechanism for indicating the
vocalizations reflects the degree of isolation between th@istance between a receiver and a source could be the num-
colonies, these data suggest that the adult harbor seal is saskr of pulses detected, because the number of detected pulses
entary at a scale of less than 200 km. However, there argill increase with the improvement of signal-to-noise ratio
several other possible explanations for the observed voc@s the distance between source and receiver decreases. More-
variation between the colonies. The harbor seal vocalizationgyer, an investigation of the capability of harbor seals to
are likely acquired through imitation and learnitiBalls  |ocalize a sound source showed that pulsed sounds yielded
et al, 1985; Van Parijst al, 2003; see the review in Janik petter results than continues ton@erhune, 1974, 1988
and Slater, 1997 and thus are primarily passed from gen- Cleatoret al., (1989 suggested that the bearded seal might
eration to generation by cultural, rather than genetic, transhe able to judge the distance to the singer because various
mission(Ford, 199). Once a transient seal is recruited to aparts of the song travel differently through the water. Also,
colony, it may show enough social plasticity to learn thethe humpback whale song may have characteristic spectral
local roar. A motivation for changing the vocalization type structures that may contain information of how far away the
may be a preference among resident females for site-specifignger is locatedMercardo and Frazer, 1999hus, produc-
roars and/or an increased aggression among resident mal@g vocalization with different sound types and especially
for unfamiliar roars. Another reason for changing or modify-pulsed tones may provide harbor seals a possible code for
ing the vocalizations may be different environmental acousproximity.
tical transmission properties, ambient noise sources, preda- Hanggi and Schustermaid994 and Van Parijset al.
tors, depth, or topographical differences, making it(2002 found individual variation within measured frequency
advantageous to communicate over various distances at thandwidth variables, as well as in temporal variakiéan
different colonies. Since it is not known when juvenile har- Parijs et al, 2002. As mentioned before, one of our con-
bor seals learn the roar, another possible explanation of theerns of using bandwidth measurements is the risk of degra-
observed differences between Sandgy and Froan is that thiation and/or masking of such signal over distance. A better
seal pups partly learn the roar in the breeding areas, but theandidate for such a call structure is a tonal vocalization with
vocalization is developed and improved further after the ju-an emphasized and modulated carrier frequeiigbelsteen
venile seals have been recruited to the new colony. Thereet al, 1993. If seals live in colonies with high ambient
fore, Froan and Sandgy may maintain their acoustic integrityioise, complicated social structufe.g., display area differ-
even if a limited exchange of animals takes place betweeences; see Van Parig al., 2000a the frequency bandwidth
the two colonies. could become insufficient to assure individual recognition,
In conclusion, the observed vocal differences betweerand more specialized signals such as the introductory phrases
all six harbor seal colonies may be explained by functionlessnay be necessary.
vocal divergence between groups that is isolated due to large A lek mating system refers to two or more males dis-
distances and strong site fidelity to specific breeding areas. playing to females and to each other at traditional sites in
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which resources are not defended and the females visit onlyayes, S. A., Kumar, A., Daniel, P. C., Mellinger, D. K., Harvey, J. T,
to mate(Hbgmnd and Alatalo, 199)5 Individual recognition Southall, B. L., and LeBoeuf, B. §2004). “Evaluating the function of the

PR i ale harbour seaPhoca vitulina roar through playback experiments,”
and assessment of quality is prerequisite for the presence of:nim. Behav.67, 11331139,

lek and lek behavior in harbor seals. We consider that bothyenriksen, G., and Haug, T1994. “Status of the harbour sedPhoca
these conditions are possible in the vocalizations we havevitulina in Finnmark, North Norway,” Fauna. Norv. Ser. 6, 19—24,
recorded from harbor seals. Hoglund, J., and Alatalo, R. \(1995. Leks (Princeton University Press,
Princeton, Nj
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