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Summary

Vocalizations are an important component of male elephant seal agonistic behaviour. Acous-
tic and behavioural components of vocalizations emitted during agonistic contests show gross
differences between young and old males, but the variation with age depends on the specific
feature. Vocalizations become more frequent and effective at later ages. Acoustic features that
are constrained by structural phenotype, which changes with age, also should change with
age, while acoustic features that are independent from structural phenotype should show no
relationship with age. We demonstrate that, in southern elephant seals, formant frequencies,
which are constrained by the vocal tract length and, therefore, by body size, show a clear
decrease with age, whereas temporal and structural features of sounds, which potentially
are unconstrained, show no correlation with age. Formants ontogeny seems, therefore, to be
mostly the result of body maturation, and hence formants may be reliable signals of age. In
contrast, acoustic features such as temporal features and syllable structure, are free to change,
and hence may serve as the raw material for vocal learning and individual recognition.
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Introduction

Vocal development has been investigated in many different mammalian taxa,
such as primates (Gautier, 1998; Pistorio et al., 2006), marsupials (Aitkin
et al., 1996), bats (Van Parijs & Corkeron, 2002; Vater et al., 2003), ro-
dents (Mandelli & Sales, 2004), terrestrial Carnivora (Schassburger, 1993;
Chaadaeva, 2002; Chaadaeva & Sokolova, 2005) and cetaceans (Snowdon &
Hausberger, 1997; Tyack, 1997; Killebrew et al., 2001). Unfortunately, most
of these studies dealt with a small part of the animals’ lifespan, usually focus-
ing on the very early stages of life and, therefore, do not offer a full picture
of vocal development into adulthood. Moreover, most of these works were
conducted in captive or semi captive settings, with few notable exceptions
(Seyfarth & Cheney, 1986) and, therefore, may not be representative of the
social conditions in which animals develop their natural vocal skills. In pin-
nipeds, vocal development has been quite extensively investigated (Shipley
et al., 1986; Miller, 1991) but, as for other taxa, the vast majority of the stud-
ies regarded the development of calls in pups during the lactation period, i.e.,
in a very short part of their lifespan (see, for example, Job et al., 1995; Khan
et al., 2006). In this paper we present the first detailed, longitudinal study on
vocal development from puberty to adulthood, of any pinniped species.
Southern elephant seals (Mirounga leonina; SES hereafter) breed on land
during the austral spring, when females gather in large groups called ‘har-
ems’, and males compete to establish a more-or-less linear dominance hierar-
chy that regulates access to breeding females (Galimberti et al., 2003). Male—
male competition and inequality in breeding success are among the highest
recorded for any vertebrate species (Galimberti et al., 2002). The general
structure of agonistic behaviour of elephant seals has already been described,
in both the southern (Laws, 1956; McCann, 1981) and the northern elephant
seal (Bartholomew & Collias, 1962; Sandegren, 1976; Cox, 1981). Agonis-
tic behavioural sequences include optical and acoustic displays, chases, and
direct aggression and most contests are settled by vocalizations (Sanvito et
al., 2006a). A very important aspect of male competition in elephant seals
is age. Fights usually involve males of similar age (Braschi, 2004), and the
interactions between males of different age classes are often settled by vocal-
izations (Sanvito et al., 2006a). ‘Aggressive’ vocalizations (Sanvito & Gal-
imberti, 2000) play an important role in agonistic encounters among males
(Sanvito et al., 2006a), for settlement of contests and establishment of domi-
nance relationships. Studies by other authors (Shipley et al., 1986) and previ-
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ous preliminary results (unpublished data) showed that various behavioural
and acoustic features of elephant seal males’ vocalizations change with age.
This relationship suggests that vocalizations may act as honest signals of the
age component of male resource holding potential (Fitch & Hauser, 2002).
For instance, the general macro-structure of male vocalizations (i.e., their
temporal pattern and syllables composition) changes gradually from a plas-
tic, no fixed structured vocal pattern in young animals (i.e., each male emits
different vocal patterns in different vocalizations) towards a strongly struc-
tured and stereotyped one in adults (i.e., each male always emits the same
vocal pattern; Sanvito et al., 2006a).

Vocal development can result from two main processes: (i) learning of
acoustic features through auditory experience (Egnor & Hauser, 2004), for
example, by imitation of older individuals (Sanvito et al., 2006a); and (ii)
developmental changes in body morphology or body size (called ‘structural
phenotype’ hereafter) that affect vocal tract characteristics (e.g., size of the
vocal folds, or size or shape of resonating cavities). The following hypothe-
ses can discriminate between these two processes:

1. Vocal learning is expected to shape acoustic features that are not
constrained by structural phenotype, whereas physical maturation is
expected to shape features that are directly linked to it

2. Vocal learning is expected to reduce the within-individual variation
with age, because each male will increase his vocal competence, and
will develop a fixed vocalization pattern from a flexible one (Sanvito
et al., 2006a), whereas physical maturation is not expected to affect
within-individual variation, because the acoustic features affected by
maturation will be constrained by phenotype at all ages

3. Physical maturation is expected to produce directional trends with
age in mean value of acoustic features that are structurally linked to
physical growth; however, vocal learning is not expected to generate
such a trend, because the features that can be learned are not con-
strained by structural phenotype

4. Physical maturation is expected to produce a trend in among-indivi-
dual variability of acoustic features, because these features will re-
flect the among-individual variation in structural phenotype at each
age, whereas vocal learning is not expected to produce such a trend
because of the lack of constraints in the features that can be learned.
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Previous evidences of vocal development in male elephant seals regards
the northern species (M. angustirostris) only, and are limited by the cross-
sectional sample collected during a brief period of time, the small number
of acoustic features considered, and the lack of information on age or body
size of the individuals involved (Shipley et al., 1986). In long-lived species,
the study of vocal ontogeny requires a longitudinal data set on vocalizations
of marked individuals for which age and body size over growth are known.
In this paper we describe the development of vocalizations in a large sample
of SES males at a small and localized breeding colony in the Falkland Is-
lands. We analyze variation with age of acoustic and behavioural features of
vocalizations, we assess within- and among-individual variation of acoustic
features, and we compare the observed developmental trends of acoustic fea-
tures with the expectations of the vocal learning and physical maturation
processes.

Material and methods
Study site and marking of animals

Data were collected during eight breeding seasons (September—November,
1995 to 2002) at Sea Lion Island (Falkland Islands), which shelters a small
and localized population of SES, comprising approx. 550 breeding females
and approx. 60 breeding males (Galimberti & Sanvito, 2001). All males were
individually recognizable because they had been marked with cattle tags dur-
ing previous breeding seasons, soon after birth, or after arrival on land dur-
ing their first breeding season. All breeding males were also marked with
hair dye to permit fast and safe identification. Further details on study site,
population demography and marking can be found in Galimberti & Boitani
(1999).

Estimation of age

Age was known for males tagged as pups and estimated to +1 year for
other males using external morphology (Clinton, 1994; Galimberti & Boi-
tani, 1999). Our estimate of age was based on scarring of the chest and de-
velopment of the proboscis, and was independent of body size. We checked
these estimated ages for (i) intra-observer reliability, (ii) inter-observer reli-
ability, (iii) congruence of age attributed in following breeding seasons and
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(iv) correspondence with actual age (for the males born after the beginning
of our study). Reliability was calculated using the Kendall coefficient of con-
cordance (Siegel & Castellan, 1988), on the age attributed to marked males
during a random sample of 10 daily censuses. Mean intra-observer reliability
was 0.95, and inter-observer reliability ranged from 0.93 to 0.99 for 2—4 ob-
servers. Congruence of the whole classification was checked using lifetime
records of the males that were present for three or more breeding seasons
and by comparing estimated age to actual age for males tagged at birth. In
the analysis where age is involved, we used only males for which either (a)
true age or (b) a reliable age estimate from morphological development over
several breeding seasons were available (Clinton, 1994). Males were classi-
fied as ‘young’ (<8 years old) and ‘old’ (=9 years old).

Behavioural data collection and analysis

We obtained behavioural data during 7852 h of observation, during standard
periods of 2-h length. A total of 25671 social interactions between males
were observed. Detailed behavioural sequences of interacting males were
recorded for 5099 of these interactions. Behavioural data were available
for 183 individually recognized males, present during one to six breeding
seasons (mean of 1.83 seasons per males), spanning a range of ages from
6 to 14 years. During each observation period, we recorded, for each male
present, its total number of interactions, number of interactions won, number
of interactions settled by vocalization, number of interactions in which the
male vocalized one or more times, total number of vocalizations emitted,
number of transitions of modules in the behavioural sequence involving the
vocalization, and number of bouts for each vocalization. For each of the
preceding, we counted total occurrences and occurrences when the subject
male initiated interactions or responded to initiation by another male. More
details on the protocol are given in Galimberti et al. (2000).

Original behavioural data were counts, which were converted to percent-
ages and means for presentation, but retained unconverted for the statistical
analysis. To analyze relationships with age, we compared three models suit-
able for regression on count data (Long, 1997; Cameron & Trivedi, 1998):
Poisson regression, negative binomial regression, and zero-inflated negative
binomial regression. The Poisson regression is suitable only when the mean
is approximately equal to the variance. Our data showed over-dispersion for
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all variables, making the negative binomial regression a more appropriate
model (Gardner et al., 1995). Moreover, due to influences of the presence
of older males, younger males may have avoided interacting or vocalizing at
all, which may have produced an excess of zero counts for the young class.
Therefore, we also considered the zero-inflated variant of the negative bino-
mial, with age as the generating variable for the zero inflation process (Che-
ung, 2002). Males that were observed for <20 h were excluded. To account
for the lack of balance in the sampling of males, which was unavoidable due
to the different patterns of presence on land of males of different age classes
(Galimberti & Boitani, 1999), we incorporated the total number of observa-
tion periods in which a male was observed as exposure factor in regression
models. We tested each model using a likelihood-ratio (LR) test of the model
including age versus the null (intercept only) model. The data set was longi-
tudinal, so autocorrelation within individuals may have produced an inflation
of standard errors and probabilities (Diggle et al., 1994). Therefore, we cal-
culated robust standard errors with the Huber—White sandwich estimator of
variance (Williams, 2000), which accounts for within-male clustering, and
we calculated Wald tests on the regression coefficients. All results of the
Wald tests were in accordance with Ir tests, so we present only the latter. We
compared the models using the Akaike information criterion (AIC).

To simplify interpretation, we transformed regression coefficients to the
expected percentage change in counts due to a unit change in the regressor
(age in this case), and to the expected percentage change due to a standard
deviation change in the regressor (Long & Freese, 2001).

Sound recording

We recorded male agonistic vocalizations by standard stimulation of the
animals (Sanvito & Galimberti, 2000) with Sony DAT recorders TCD-D7
and TCD-D100 and a Sennheiser MD 441 dynamic cardioid microphone
(frequency range 30-20 000 Hz). Recordings were digitized at 48 kHz with
16-bit resolution.

Vocalizations were recorded over the 3-month breeding season each year,
for a total of 7405 vocalizations (1-64 vocalizations per male per year). From
the recordings, 2007 vocalizations from 196 different males were selected
for analysis, with males recorded in 1-6 breeding seasons (mean & SD =
1.7 £ 1.1). Fifty-five males were recorded for >3 seasons, and 29 were fol-
lowed throughout their entire vocal development, from their initial variable
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unstructured calls to their stereotyped structured adult vocalizations. To an-
alyze balanced samples, five recordings per male per year were randomly
chosen. The only exception was 2002, when two vocalizations per male per
week were analyzed to investigate intra-seasonal variation.

Spectral analysis

The following settings were used for spectral analysis (Charif et al., 1995):
Hamming window function with frame length of 21.33 ms (1024 points) and
corresponding filter bandwidth of 190.31 Hz; frame overlap of 50% with
time-grid resolution of 10.67 ms and frequency-grid resolution of 11.72 Hz
(fft = 4096 points). Spectral settings were chosen to resolve the pulse-train
structure of the vocalizations and for good frequency resolution (Sanvito &
Galimberti, 2000). Frequency modulation is almost absent from SES vocal-
izations (Sanvito & Galimberti, 2000), so for analysis of amplitude spectra
we calculated average spectra for entire bouts (Phillips & Stirling, 2000).

Acoustic measurements

Sound measurement and spectral analysis were carried out with Canary 1.2
(Macaulay Library, Cornell Lab of Ornithology, Ithaca, NY, USA), and with
programs written in Igor Pro 4.0.9 (WaveMetrics) and in Revolution 2.0
(Runtime Revolution). Male elephant seal aggressive vocalizations are com-
posed of a series of sound emissions, called ‘bouts’, which are divided into
‘syllables’ and ‘syllable parts’ (Sanvito & Galimberti, 2000). A syllable is
a single acoustic event, with a continuous spectrographic track over time.
A syllable part is a portion of a syllable with an approximately constant pulse
rate.
We measured five classes of variables:

1. Temporal variables. Measured on waveforms (Table 1)

2. Frequency variables. Measured on average power spectra of bouts,
spectrograms and waveforms (Figure 1 and Table 1). Particular at-
tention is needed when considering formant like frequencies. For-
mants are parts of the frequency spectrum that are reinforced by reso-
nant properties of the vocal tract (Fry, 1979; Miller & Murray, 1995;
Reby & McComb, 2003). In spectra and spectrograms of SES vo-
calizations, some frequencies are enhanced over others, and appear
as dark bands (Sanvito & Galimberti, 2000). We refer to these as
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Table 1a. Description of temporal and frequency variables.

Variable name Unit Description

(A) Temporal

Number of bouts per bouts  Total number of bouts composing a vocalization

vocalization

Bout duration s Time between beginning and end of bout

Interval between bouts s Time between end of bout and beginning of following
bout

Vocalization duration s Time between beginning of first bout and the end of last
bout of a vocalization

Duty cycle within bout (sum of bout durations)/total vocalization duration (i.e.,
the proportion of vocalization with signal)

Relative peak time (interval from beginning of bout to time of highest am-
plitude in the bout)/bout duration

Max syllable part s Duration of syllable part in which the maximal peak
pressure occurs

(B) Frequency

Dominant frequency Hz Frequency at which, on average, the highest amplitude
in a bout occurs (= frequency of highest peak in a bout’s
amplitude spectrum)

Fundamental Hz Pulse rate in longest or most intense portion of bout (cal-

frequency (F0) culated from waveform; Zuberbuhler et al., 1997)

Peak frequency Hz Frequency at which highest amplitude in a bout occurs
(calculated on spectrogram of a bout as the frequency at
which the highest amplitude peak occurs)

3,6,12,18dB Hz Width of frequency band around dominant frequency

bandwidth where signal attenuates by 3, 6, 12, 18 dB (calculated
on average spectrum of a bout by finding two frequen-
cies F, and Fy around the dominant frequency (F, <
dominant frequency < F,) where spectrum level is 3, 6,
12, 18 dB below peak value; bandwidth = F, — F3)
Min frequency at —3, Hz F, of previous definition (i.e., minimum frequency at
6,12,18 dB which power spectrum goes 6 dB below the amplitude
of the highest peak)

Max frequency at —3, Hz Fy of previous definition (i.e., maximum frequency at

6,12,18 dB which power spectrum goes 6 dB below the amplitude
of the highest peak)

3, 6, 12, 18 bandwidth Proportion of the frequency bandwidth in which spec-

proportion trum is actually above the amplitude of —3, 6, 12, 18 dB

Formant like frequen- Hz See text for explanation

cies (F1-F5)

Formant dispersion Hz (FS — F1)/4. This measure averages spacing between
consecutive formants

Minor formant (Fm) Hz See text for explanation
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Table 1b. Description of variables related to sound amplitude, energy distri-
bution and internal bout structure.

Variable name Unit

Description

(C) Sound amplitude
Instantaneous relative peak
intensity

Peak intensity predominance

(D) Energy distribution

Power spectrum ascending
slope (= spectrum ascen-
ding slope)

Power spectrum 0/4000 Hz
slope (= spectrum
0/4000 Hz)

Power spectrum maximal
amplitude/4000 Hz slope
(= spectrum max/4000 Hz
slope)

Power spectrum maximal
amplitude/—24dB slope
(= spectrum max/—24 dB
slope)

(E) Bout structure

Number of syllables per bout syllables

Syllable rate syllable/s

Number of syllable types per syllable
bout types

Shannon index

Ratio between instantaneous peak intensity per
Hertz (maximal intensity/Hz in bout, calculated
from spectrogram) and peak pressure (maximal
pressure in selected bout, calculated from wave-
form). It measures the instantaneous effect of the
frequency band with maximal energy on all the en-
ergy emitted on all frequency bands

Ratio between relative average intensity of whole
bout and peak pressure. The value ranges from 0
to 1 (1: maximal intensity is equal to average in-
tensity of whole bout; <1: maximal intensity is in-
creasingly greater than average intensity of whole
bout)

Slope of linear regression line fitted through the
spectrum, from the beginning to the highest peak

Slope of linear regression line fitted through the
spectrum, from 0 to 4000 Hz

Slope of linear regression line fitted through the
spectrum, from the highest peak to 4000 Hz

Slope of linear regression line fitted through the
spectrum, from the highest peak to the point where
the spectrum goes 24 dB below that peak value

Total number of syllables (equal or not) per bout
Number of syllables/bout duration
Number of different kinds of syllables per bout

Index of evenness of syllable composition calcu-
lated as H/Hmax (Krebs, 1989); H is the sum from
1 to n of pi In(pi), n is the number of syllables in
the bout, pi is the relative frequency of syllables of
type i in the bout, In is the base 2 logarithm, and
Hmax is the expected maximum H for the number
of syllables of the bout, calculated as In(n)
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Figure 1. Graphical illustration of some acoustic variables. Spectral peaks indicated F1—
F5 are formant frequencies (dominant frequency = F2 in this example). Minor formant is
frequency of first spectral peak, usually < 100 Hz (not always present). Variables relative
to frequency bandwidth are indicated only for —18 dB; those for —3, —6 and —12 dB were
computed similarly. Frequencies at A and D are minimal and maximal frequencies at —18 dB,
respectively. AD represents the —18 dB bandwidth. 18 dB bandwidth proportion is calculated
as (AB + CD)/(AD). The proportion can be equal to 1 when there are no spectral troughs
going below 18 dB from the highest spectral peak, within the —18 dB bandwidth. bl = power
spectrum ascending slope; b2 = power spectrum 0/4000 Hz slope; b3 = power spectrum max
amplitude/4000 Hz slope; b4 = power spectrum max amplitude/—24 dB slope.

formant-like frequencies (formants hereafter). Presumably, they re-
flect the resonant frequencies of the vocal tract. Formants were mea-
sured from average amplitude spectra for each male, as the first 5
evident frequency peaks (F1 to F5; see below for further details on
formant estimation). In some cases, we found a very first peak in the
power spectrum, at lower frequency (often <100 Hz) and reduced in-
tensity with respect to F1 and just preceding it. In many cases it was
not present, or just slightly evident as a ‘shoulder’ on the lower side
of the power spectrum. We called this minor formant (Fm), which
seems to be the first formant produced by the resonant properties of
the nasal tract (Sanvito et al., 2006b)

3. Sound amplitude variables. Measured from average power spectra,
spectrograms and waveforms (Table 2)

4. Variables associated with energy distribution over frequency. Mea-
sured from power spectra (Figure 1 and Table 2). The energy dis-
tribution of sound is important in communication but is difficult to
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summarize. Overall spectral shape might be informative (Owren &
Linker, 1992), so we calculated some summary measures of it

5. Variables associated with internal bout structure. Measured from
waveforms and spectrograms (Table 2)

Unless specified otherwise, we always measured variables at the bout
level, and then calculated average values for vocalizations and for individual
males for further analysis.

Estimation of formants

Many different methods have been proposed to estimate formants, such as
visual assessment of spectrograms and spectra (Insley, 1992), Linear Predic-
tive Coding (LPC; Owren & Bernacki, 1988; Owren & Linker, 1992; Riede
& Fitch, 1999; Fitch & Reby, 2001; Reby & McComb, 2003) and custom
methods applied to specific vocalizations (Darden et al., 2003). LPC has be-
ing used increasingly (Reby & McComb, 2003; Fischer et al., 2004), but
we decided not to apply it in this study because, to properly apply LPC, a
good knowledge of the vocal tract of elephant seals would have been re-
quired. Unfortunately, the knowledge of vocal tract anatomy for this species
is almost non-existent. Moreover, male elephant seals have a proboscis that
affects vocal production (Laws, 1953; Sanvito et al., 2006b) and presumably
alters sound properties relative to the single resonator mechanism of sound
production in other mammals (Fitch, 1997; Riede & Fitch, 1999; Fitch &
Reby, 2001; Sanvito et al., 2006b). Even in humans, nasal sounds complicate
evaluation of formants using LPC (Monsen & Engebretson, 1983; Miller,
1991). Therefore, we preferred to estimate formants by the usual FFT non-
parametric technique, which requires less stringent assumptions about the
mechanism of sound production.

Modelling of acoustic variation with age

Visual inspection of scatter plots of some acoustic features versus age with
fitted LOWESS smoother (Trexler & Travis, 1993) showed a clear bending
point in some cases. Therefore, we fitted the following piecewise linear
model with unknown bending point (Muggeo, 2003; Sanvito et al., 2006b):

Trait = ag + (b; * Age) + (bg * (Age — BP) % (Age > BP)),

where BP is the bending point, ay is the intercept of the regression line before
the bending point, b, is the slope of the regression line before the bending
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point, by is the difference in the slope of the regression line before and af-
ter the bending point, Age > BP is a logic condition, returning O for ages
< BP and 1 for ages > BP. Therefore, the slope of the regression line after
the bending point (b,) is equal to bg 4+ b;. We tested the difference between
the slope before and after the bending point, by testing the null hypothesis
by = 0 (for which b; = b,). The piecewise models were fitted using the
non-linear least squares module of Systat v. 11 software. Models were com-
pared using AIC. A difference in AIC > 2 gives moderate evidence that the
model with the lower AIC should be preferred, and a difference >7 gives
compelling evidence that the model with the lower AIC should be preferred
(Burnham & Anderson, 1998).

Measurement error and repeatability of acoustic features

Choice of starting and ending points of each bout was performed manually,
hence was associated with measurement error. To estimate this error, we
choose 25 males at random, and then we chose one vocalization for each
of these males, again at random. Each vocalization of this set of 25 was
measured three times, in random order. Measurement error was then esti-
mated from variance components of a Model II ANOVA (Bailey & Byrnes,
1990). Percentage measurement error was calculated as the percentage of
within-bout variance over the total variance, where the total variance was the
within-bout variance plus the among-bout variance.

We calculated repeatability (R = intra-class correlation coefficient) of all
variables as the proportion of the among-individuals variance on the total
variance, using a Model II ANOVA (Lessells & Boag, 1987). Confidence
limits of repeatability were calculated using a jack-knife delete-one proce-
dure, and its difference from zero was tested using randomization (10 000
re-samplings).

Statistics: general

We present statistics as mean =+ standard deviation (SD) and least-squares
estimates as estimate =+ standard error (SE). As a relative variability mea-
sure we calculated the coefficient of variation (CV) of each variable for
each male. We tested normality using the Shapiro—Wilk test, homogeneity
of means of two groups (i.e., ‘old’ and ‘young’) using a ¢-test with random-
ization, and homogeneity of variances using the Brown—Forsythe test with
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randomization. In box plots, the upper hinge of the box was the 75% per-
centile and the lower was the 25%; the line within the box was the median;
the upper whisker was 10% percentile and the lower was the 90%. For vari-
ables with non-normal asymmetric distributions, we calculated standard er-
rors and confidence limits using a jack-knife delete-one procedure (Mitchell-
Olds & Shaw, 1987), and conducted significance tests with randomization
(Manly, 1997). The number of re-samplings used in randomization tests is
stated as a subscript of the p label. In case of multiple non-independent tests,
we calculated adjusted probabilities using a sequential Bonferroni procedure
(Hochberg & Benjamini, 1990). In all cases in which the data structure was
clearly longitudinal, we fitted random regression models, where the iden-
tity of the males was the random effect. General statistics procedures were
carried out with STATA v. 9 (Stata, College Station, TX, USA).

Results
Development of vocal behaviour

The mean of most measures of agonistic and vocal behaviour increased with
age (Table 2; Figure 2). For most variables, the regression model that best fit-
ted the data was the negative binomial (Table 3), confirming the presence of
over-dispersion. The models including age produced a significant improve-
ment of the fit with respect to the null (intercept only) model (all Ir test
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Figure 2. The use and effectiveness of vocalizations in interactions between male southern
elephant seals increased with age.
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p < 0.0001). In particular, a significant increasing trend with age was ob-
served for: the number of interactions in which the male is the actor (percent
change per one year change in age = 49.6%); the number of interactions won
(52.3%); the number of interactions settled by ritualized displays (= with-
out direct contact, chase or fight; 12.2%); the number of interactions settled
by vocalization (13.6%); the number of interactions in which the male uses
vocalization (65.2%); the number of interactions in which the male uses vo-
calization to initiate the interaction (70.5%); the number of behavioural tran-
sitions involving vocal modules (136.7%); the number of behavioural tran-
sitions in which the male is the initiator and the behavioural module is the
vocalization (146.0%); the number of bouts emitted (148.9%); the number
of bouts emitted when the male is the initiator of the behavioural transition
(158.1%).

Measurement error, repeatability and seasonal changes of acoustic features

Percent measurement error for start and end time of bouts was about 1%.
Repeatability of different variables averaged 0.513 &£ 0.155 (range 0.210—
0.861). Only 21% of the repeatabilities were below 0.400 and 8% below
0.300. Highest values were for structural features and bout duration. Re-
peatability increased with age for many variables (Figure 3) but did not vary

1
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£ 6 —e- Bout length
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§ S —¢ No of type of syllables
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Figure 3. Repeatability of some variables of vocalizations of southern male elephant seals
increased with age.
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seasonally (based on visual inspections of scatter plots with fitted LOWESS
smoother of acoustic features versus the day of the breeding).

Acoustic features and age

Preliminary analyses revealed many differences between vocalizations of
‘young’ and ‘old’ males. Measures of temporal and structural variables were
greater and most frequency measures were lower for ‘old’ males (Table 4).
Analyses incorporating true age revealed: (i) little age-specific variation and
a clear trend over age for just few variables; (ii) a high within-age variation
(see Appendix 1). To consider the longitudinal structure of our data, we ran
a preliminary random-effect regression analysis for all acoustic variables,
with male identity as the random effect. Only formant frequencies showed
clear (decreasing) trends with age, in particular for upper formants (Table 5;
Figure 4).

Table 4. Vocalizations differed between ‘young’ and ‘old’ male southern ele-

phant seals (only significant differences shown). Mean & SD (V) are shown.

Piok = probability by randomization test with 10 000 replicates (*p < 0.05;
sequential Bonferroni correction, Holm method).

Acoustic variable Young (<8 years) Old (=9 years) P10k
Fundamental frequency (Hz) 29.7 4+ 14.0 (233) 27.1 £7.8 (132) 0.0442
Max frequency at —12 dB (Hz) 793 421 (234) 880 + 366 (132) 0.0466
12 dB bandwidth (Hz) 687 + 442 (234) 780 + 383 (132) 0.0415
3 dB bandwidth proportion 0.91 +£0.14 (234) 0.88 £0.13 (132)  0.0236
6 dB bandwidth proportion 0.88 +0.14 (234) 0.85£0.13 (132)  0.0343
F1 (Hz) 273 + 40 (220) 259 4+ 28 (130) 0.0003*
F2 (Hz) 619 £ 130 (220) 549 + 83 (130) 0.0001*
F3 (Hz) 962 + 187 (220) 799 £+ 118 (129) 0.0001*
F4 (Hz) 1298 £+ 271 (220) 1067 £ 146 (130) 0.0001*
F5 (Hz) 1619 4308 (219) 1341 4+ 195 (130) 0.0001*
Formant dispersion (Hz) 336 £ 73 (220) 271 £ 48 (130) 0.0001*
Minor formant (Hz) 87 +26 (204) 77+ 17 (111) 0.0001*
No. of bouts per vocalization 1.9+ 1.0 (246) 2.3+ 1.1 (156) 0.0001*
Vocalization duration (s) 8.22 +4.78 (246) 10.43 +6.03 (156)  0.0000*
Relative peak time 0.569 £ 0.164 (246) 0.616 +0.149 (156) 0.0038
Peak intensity predominance 0.821 £ 0.029 (246) 0.832 +0.041 (156) 0.0013*
Spectrum max/4000 Hz slope —0.006 £ 0.001 (234) —0.007 £0.001 (132) 0.0110
Spectrum max/—24 dB slope —0.036 £0.027 (234) —0.030+£0.021 (132) 0.0289
No. of syllables per bout 5.75 £ 3.00 (233) 6.44 £3.34 (132)  0.0460
No. types of syllables per bout 2.17 £ 0.64 (233) 241 £0.67 (132)  0.0008*
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Figure 4. Individual variation of acoustic parameters with age. Data are plotted for males

of known age recorded over at least three breeding seasons: developmental changes in (A) the

fifth formant (F5) and (B) the relative variation in the number of syllables. Different symbols
in the figures are for different individual males.

A few temporal and structural features also showed weak trends of change
with age, in particular vocalization duration and number of syllable types per
bout increased with age, but data dispersion was high, hence the percentage
of explained variance was small. In all cases, except for the minor formant,
Lagrange multiplier tests revealed significant within-individual effects (Ta-
ble 5).

All formant frequencies appeared to decrease with age, especially upper
formants and formant dispersion. Examination of LOWESS smoother sug-
gested the presence of a threshold effect in relationships of formants to age.
Formant frequencies and formant dispersion decreased sharply and almost
linearly until approximately 7-9 years of age, after which the rate of decline
slowed or stopped. Piecewise regressions with unknown bending point pro-
vided better fits than simple linear models (Table 6, Figure 5). In all cases,
the regression lines after the bending point were significantly less steep than
before. Examination of residuals confirmed the better fit of the piecewise
model. In linear analysis, there were excess positive residuals for extreme
ages and excess negative ones for middle ages; in piecewise regressions,
residuals were homogeneously distributed around zero. No effect of the lon-
gitudinal component of data was detected: slopes from random regression
models applied before and after the bending point for each variable did not
differ significantly from slopes from the linear piecewise model. Percent-
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Figure 5. Formant frequencies decrease substantially with age, with an inflection point
between 6 and 8 years of age. Piecewise regression lines are shown (see Methods). Points
represent individual males.
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ages of variance in the formant frequencies explained by age were higher for
upper formants (Table 6).

Within-male variation and age

We previously showed that general structure of vocalizations becomes more
stereotyped with age (Sanvito et al., 2006a). To determine whether this is true
also for detailed acoustic features of vocalizations, we investigated the rela-
tionship of within-male variation in acoustic variables to age. ‘Young’ and
‘old’ animals differed significantly in within-male CV for many variables
(t-tests with randomization; pgx < 0.05 in all cases), including macrostruc-
ture (syllables, syllable rate, number of syllable types of syllables, Shan-
non index); temporal features (bout duration, interval between bouts, rel-
ative peak time, max syllable part); and only few frequency traits (funda-
mental frequency, —3 dB bandwidth, 3 bandwidth proportion). No formant
frequencies differed significantly in within-male CV between ‘young’ and
‘old’ animals. In all cases, except for —3 dB bandwidth and 3 bandwidth
proportion, within-male variation was higher for ‘young’ animals (Figure 6).
Overall, temporal and structural variables varied most within males, and in-
tensity and frequency variables varied least.

A random regression model with male identity as the random effect sug-
gested that mean individual CVs decreased with age for different variables,
in particular for some temporal and structural variables (Table 7; Figure 4),
but the dispersion was very high within each age class, and overall the model
fit the data poorly.

On the whole dataset, temporal and structural parameters showed the
highest average within-male CVs, in particular for measures of the whole
vocalization (vocalization duration and number of bouts, respectively with
0.555 and 0.413), bout duration (0.207) and syllable structure features (0.220
for syllable rate and 0.238 for number of syllables per bout). On the contrary,
intensity and frequency features showed the lower within individual varia-
tions (0.016 for the peak intensity predominance and 0.024 for the relative
peak intensity; 0.069 for F1; 0.150 for dominant frequency and 0.157 for
fundamental frequency).

Among-male variation and age

For most acoustic variables, among-male variation was lower in older ani-
mals, and in particular for formant frequencies and several variables related
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Table 7. Acoustic within-individual variation declines with age in vocaliza-

tions of male southern elephant seals. Mean within-male CV's for different

age classes are shown, for variables that showed trends. Sample sizes shown

in parentheses. pjox = significance of regression coefficient (see Methods).
(*p < 0.05; sequential Bonferroni correction, Holm method).

Acoustic variable <5 6 7 8 9 >10 P10k
(18) (55) 94) (78) (60) (96)

Bout duration 0252 0.249 0.237 0216 0.199 0.148 0.0001*

No. of bouts per vocal- 0.243  0.374 0.389 0.447 0.457 0.429 0.0257
ization

Interval between bouts 0.251 0.227 0.182 0.197 0.205 0.135 0.0019*
duration

Relative peak time 0459 0477 0426 0.329 0418 0.274 0.0002*

Syllable part with max 0.380 0.369 0361 0336 0.332 0.286 0.0164
peak pressure duration

No. of syllables per bout ~ 0.455 0.301 0.268 0.223 0.208 0.160 0.0001*

Syllable rate 0.363 0.271 0.250 0.197 0.216 0.150 0.0001*

No. of types of syllables  0.233  0.154 0.142 0.116 0.107 0.102 0.0001*
per bout

Shannon index 0.183 0.105 0.093 0.068 0.069 0.071 0.0002*

Spectrum max ampli- —0.159 —0.160 —0.160 —0.153 —0.151 —0.132 0.0278
tude/4000 Hz slope
Fundamental frequency 0.176  0.198 0.167 0.152 0.137 0.135 0.0030*

to —6, —12 and —18 dB bandwidths (Table 8). The among-male variation of
only one temporal feature (relative peak intensity) differed between ‘young’
and ‘old’ seals. The other simple temporal (e.g., bout duration) or structural
features (related to syllable structure) had homogenous among-male varia-
tion in the two age groups.

Discussion
Development of vocal behaviour

Vocalizations are a crucial component of male agonistic behaviour of south-
ern elephant seals, being present in most interactions between males for ac-
cess to breeding females (Sandegren, 1976; McCann, 1981; Sanvito et al.,
2006a). SES males at Sea Lion Island showed a clear increase with age in the
involvement in social interactions, in the use of ritualized forms of agonistic
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Table 8. Among-male variation in acoustic features differed between

‘young’ and ‘old’ male southern elephant seals. Statistics are mean + SE

of CVs (N). pi1ox = probability of randomization test on difference between

the mean CVs (Sokal & Braumann, 1980). (*p < 0.05; sequential Bonfer-
roni correction, Holm method).

Acoustic variable Young (<8 years) Old (=9 years) P10k
Min frequency at —6 dB 0.372 £ 0.027 (234) 0.281 £0.019 (132)  0.0426
Min frequency at —12 dB 0.561 £ 0.046 (234) 0.438 +£0.033 (132)  0.0041*
18 dB bandwidth proportion 0.124 £ 0.008 (234) 0.095 £ 0.006 (132)  0.0116
F1 0.146 £ 0.01 (220) 0.110 £ 0.007 (130)  0.0375
F2 0.200 £+ 0.014 (220) 0.152 £+ 0.01 (130) 0.005
F3 0.188 £ 0.013 (220) 0.149 £ 0.01 (130) 0.0251
F4 0.202 £ 0.014 (220) 0.140 £ 0.01 (130) 0.0018*
F5 0.178 £ 0.012 (220) 0.145 £ 0.01 (130) 0.0391
Minor formant 0.322 £ 0.027 (204) 0.230 £0.019 (111)  0.0499
Spectrum 0/4000 Hz slope —0.185 £0.012 (234) —0.136 4 0.009 (132) 0.0068
Spectrum max/4000 Hz slope —0.193 £ 0.013 (234) —0.159 £+ 0.01 (132) 0.0485
Relative peak time 0.299 £ 0.018 (246) 0.242 £0.015 (156)  0.0264

Peak intensity predominance 0.039 £ 0.002 (246) 0.049 + 0.003 (156) 0.0392

behaviour, in the use of vocalizations and in the effectiveness of its use in the
resolution of agonistic contests. Competition between elephant seal males
is intense and costly, in term of energetic expenditure and physical damage.
The absolute energetic cost of competition of elephant seals is the highest
observed in vertebrates (Deutsch, 1990; Galimberti et al., in press). The cost
due to wounds and physical damage is more difficult to assess (Geist, 1974).
In elephant seal males, wounding due to fights is frequent (Deutsch, 1990;
Braschi, 2004), and even non-lethal wounds may affect the breeding success
of males, reducing their capability to compete (e.g., due to infections). The
tendency towards the ritualization of agonistic behaviour and the increase in
the use and effectiveness of vocalizations can reduce both these costs.

Development of acoustic features of vocalizations

Vocal ontogeny can result from two main processes, vocal learning of
acoustic features and maturation in the structural phenotype that affects the
structures used to produce the sounds. Vocal learning should be focused on
acoustic features that are not strictly and directly constrained by structural
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phenotype, whereas maturation should be prevalent for acoustic features that
depend on growth.

The source-filter model of sound production, originally proposed and de-
veloped for human speech (Fant, 1960), was recently extended to all mam-
mal vocalizations (Fitch, 1994, 2000). According to this model, most mam-
mal vocalizations are produced by the larynx (the periodic or quasi-periodic
source) and then filtered by the vocal tract (the filter), before being emitted
through the nostrils and lips. The rate of oscillation of the source is respon-
sible for the pitch of the sound (i.e., its fundamental frequency, Fj). The
resonances of the vocal tract act as a filter on the original sound, selectively
amplifying some frequencies by damping others, thus producing what are
known as formant frequencies, i.e., frequencies in the amplitude spectrum
of a sound that seem to be reinforced by resonance of the vocal tract (Fry,
1979; Fitch, 1994; Miller & Murray, 1995). Overall, formant frequencies and
their spacing should decrease with increase in vocal tract length (Fry, 1979;
Fitch, 1994), whereas F; should decrease with increasing size and mass and
decreasing tension of the vocal folds. Even though mammals seem able to
change their vocal fold tension and length over a quite large range by the
action of the laryngeal muscles (hence changing their Fy), their vocal tract
length depends on the structural phenotype, being constrained by the bones
of the skull (Fitch, 2000; Fitch & Hauser, 2002). Therefore, the formants are
expected to be strictly dependent on the animal’s morphology, whereas tem-
poral and structural features of the vocalizations are expected to be almost
free from physical constraint, hence can be the target of vocal learning.

Variation in the mean of acoustic features

In our study, formants showed the strongest trend of change with age, with
a linear decrease in frequency up to age 7-8, and increasing strength of the
trend for upper formants. Older males had lower frequency of formants than
younger males, although the relationship of formant frequencies to age was
not homogeneous across the whole age span, as shown by the better fit ob-
tained using piecewise regression models. Formants are rather strictly related
to the structural phenotype of the male, because they are determined and con-
strained by the size and shape of the vocal tract. In contrast, temporal features
and the syllable structure of the sounds showed no clear trend of change with
age, and even the differences between ‘young’ and ‘old’ males were blurred.
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Moreover, the frequency features that are not related to the vocal tract length
(e.g., Fp) showed no trend. All these findings are in accordance with our
initial hypotheses about the role of vocal learning and physical maturation
in the development of different acoustic features. Contrary to these expec-
tations, in some species (yellow baboon, Papio cynocephalus: Fischer et al.,
2004) temporal components of the vocalizations, and in particular the dura-
tion and repetition rate of calls, increase with age. In these species, sound
emission seems to be a significant cost for males, and older males seem to
be able to sustain this cost. On the contrary, in SES males, the cost of vo-
calizations is likely to be negligible if compared to the whole breeding ef-
fort (Deutsch, 1990; Galimberti et al., in press) and, therefore, a relationship
between temporal aspects of vocalizations and age due to a cost reduction
strategy of younger males is not expected.

Variability of acoustic features

The interest in variability of behavioural patterns dates back to the very
beginning of ethology (Barlow, 1977), and the coefficient of variation has
been frequently used as a measure of stereotypy (Bekoff, 1977). Change
in variability of acoustic features is another important cue to discriminate
between vocal learning and physical maturation.

In our study, the within-male variability of formants, which are the most
structurally constrained of all acoustic features, showed no change with age
and no increase in stereotypy. These features depend directly on emitter mor-
phology. On the contrary, most acoustic features related to the time domain
and all features related to the syllable structure of the bouts showed a de-
crease with age in the within-male variability (i.e., an increase in stereo-
typy), which is well explained by a learning process, by which males increase
their vocal competence. Moreover, we expected the whole variability, pooled
across ages, of constrained acoustic features to be lower than other features.
In accordance with this hypothesis, the relative variability of frequency fea-
tures was lower than the variability of structural and temporal features, as in
other species (Miller, 1991; Insley, 1992).

As for within-male variation, we expected structurally constrained fea-
tures to mimic the variation in structural phenotype, hence to display greater
variability among young growing males, which vary greatly in size at each
age (Clinton, 1994). Indeed, CVs for formants was significantly greater
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in ‘young’ than ‘old’ males. On the contrary, features that are not con-
strained by structural phenotype should show no systematic difference be-
tween ‘young’ and ‘old’ males. In accordance with this hypothesis, there
was no significant difference between CVs of ‘young’ and ‘old’ males in
temporal or structural acoustic features.

Overall, age-specific variation of mean and variability (within and among-
individuals) of acoustic features is in accordance with the presence of two
simultaneous processes, maturation and vocal learning. The first one affects
the frequency component of sounds that depend on the vocal tract size and
shape, and the second one works on temporal and structural features of
sounds that are rather free to vary unconstrained by the individual phenotype.

Development, honest signalling and individual recognition

The relationship between formants and age confirms that the formants are
constrained by the structural phenotype and can, in principle, be honest sig-
nals of age (Fitch & Hauser, 2002). Another acoustic feature of SES male
vocalizations, the source level, has been shown to be related to the struc-
tural phenotype and, hence, to be a good candidate as honest signal (Sanvito
& Galimberti, 2003). The relationship between formants and age was only
moderately strong, and the percentage of variance explained by the relation-
ship was rather low, around 40% for the highest formant. These results are
in line with some recent findings obtained in another polygynous mammal,
with a similar mating system, the red deer (Cervus elaphus, Reby & Mc-
Comb, 2003).

We have shown previously (Sanvito et al., 2006a) that young males tend
to mimic and adopt the vocal type of older, more successful males. This
result is confirmed by the development trend found for the temporal and
structural features of their vocalizations. Young elephant seals seem to be
able to produce the same pulse trains that are the building blocks of the
vocalizations of mature males, but their vocalization are initially extremely
variable and not structured (Sanvito et al., 2006a). The increase in structuring
of the vocalizations is likely to be related to an increase in competence
to assemble the pulse trains in a structured, complex vocalization (Shipley
et al., 1986), i.e., a vocal learning process. The result is the emission by
adults of strongly structured vocalizations, specific for each individual and
stereotyped, and different between individuals, with no clear constraint due
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to the structural phenotype. The reduction in intra-individual variability of
the acoustic features that are not constrained by structural phenotype, which
is likely a product of vocal learning, may improve individual recognition
(Insley, 1992; Insley et al., 2003).
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Appendix

Table Al. Average values of frequency domain parameters for different age classes. Sample
size in parentheses below the column headings.

Acoustic parameter <5 6 7 8 9 >10
(18) (55) 95) (78) (60) (96)
Dominant frequency (Hz) 375 342 297 301 310 321
Fundamental frequency (Hz) 31.2 30.3 29.4 29.1 28.0 26.6
Peak frequency (Hz) 402 387 308 329 319 349
3 dB bandwidth (Hz) 187 192 134 196 168 211
6 dB bandwidth (Hz) 331 354 252 340 305 385
12 dB bandwidth (Hz) 766 797 560 733 756 796
18 dB bandwidth (Hz) 1362 1342 1059 1345 1373 1357
Min frequency at —3 dB (Hz) 292 236 229 223 236 235
Min frequency at —6 dB (Hz) 243 187 187 180 189 183
Min frequency at —12 dB (Hz) 146 99 107 99 102 98
Min frequency at —18 dB (Hz) 70 42 50 49 46 43
Max frequency at —3 dB (Hz) 478 427 363 419 404 446
Max frequency at —6 dB (Hz) 574 541 439 520 495 568
Max frequency at —12 dB (Hz) 912 897 667 833 858 894
Max frequency at —18 dB (Hz) 1433 1384 1109 1394 1419 1400
3 dB bandwidth proportion 0.95 0.90 0.94 0.87 0.90 0.86
6 dB bandwidth proportion 0.92 0.86 0.91 0.85 0.87 0.83
12 dB bandwidth proportion 0.85 0.82 0.87 0.86 0.83 0.86
18 dB bandwidth proportion 0.86 0.88 0.85 0.84 0.85 0.88
F1 (Hz) 322 289 266 259 259 258
F2 (Hz) 759 668 600 575 554 546
F3 (Hz) 1168 1050 945 872 810 792
F4 (Hz) 1667 1431 1264 1159 1086 1055
F5 (Hz) 2086 1757 1593 1444 1364 1326
Formant dispersion (Hz) 441 367 332 297 276 268
Minor formant (Hz) 106 88 85 85 78 76
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Table A2. Average values of temporal, intensity and structural parameters for different age
classes. Sample sizes in parentheses below the column headings.

Acoustic parameter <5 6 7 8 9 >10
(18) (55) 95) (78) (60) (96)

No. of bouts per vo- 1.4 1.6 1.9 2.2 2.1 2.4
calization

Bout duration (s) 3.39 3.64 3.57 3.84 3.69 3.48

Interval between 2.20 2.15 2.11 2.21 2.16 2.04
bouts (s)

Vocalization dura- 5.29 6.96 8.20 9.81 9.45 11.04
tion (s)

Duty cycle in bout 0.671 0.727 0.724 0.726 0.732 0.730

Relative peak time 0.513 0.543 0.567 0.601 0.582 0.637

Max syllable part dura-  0.63 0.50 0.51 0.60 0.51 0.61
tion (s)

Inst. relative peak 0.75 0.75 0.76 0.76 0.76 0.75
intensity

Peak intensity 0.82 0.81 0.83 0.82 0.83 0.84
predominance

Spectrum total slope —0.00184 —0.00193 —0.00185 —0.00189
Spectrum 0/4000 Hz ~ —0.00658 —0.00635 —0.00678 —0.00649

slope

Spectrum ascending 0.06174 0.06183
slope

Spectrum max/4000 Hz —0.00668 —0.00612 —0.00637 —0.00628
slope

Spectrum max/—24 dB  —0.03817 —0.03216 —0.03810 —0.03435
slope

No. of syllable per bout 5.12 5.44

Syllable rate 1.76 1.68

No. of types of sylla- 1.90 2.07

bles per bout
Shannon index 0.817 0.814

0.07511

5.98
1.78
2.20

0.816

0.07454

5.87
1.74
2.28

0.822

—0.00192 —0.00192
—0.00663 —0.00686

0.07005  0.06752

—0.00645 —0.00674

—0.03053 —0.02882

6.35 6.50
1.91 1.95
2.37 2.43
0.801 0.776




