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Universität Zürich, Winterthurerstrasse 190,
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Abstract
Mammals are able to distinguish conspecifics based on vocal cues, and
the acoustic structure of mammal vocalizations is directly affected by
the anatomy and action of the vocal apparatus. However, most studies
investigating individual patterns in acoustic signals do not consider a
vocal production-based perspective. In this study, we used the sourcefilter model of vocal production as a basis for investigating the acoustic
variability of fallow deer groans. Using this approach, we quantified the
potential of each acoustic component to carry information about individual identity. We also investigated if cues to individual identity carry
over among the two groan types we describe: common and harsh
groans. Using discriminant function analysis, we found that variables
related to the fundamental frequency contour and the minimum frequencies of the highest formants contributed most to the identification
of a given common groan. Common groans were individually distinctive
with 36.6% (53.6% with stepwise procedure) of groans assigned to the
correct individual. This level of discrimination is approximately six times
higher than that predicted by chance. In addition, univariate anovas
showed significant inter-individual variation in the minimum formant
frequencies when common and harsh groans were combined, suggesting
that some information about individuality is shared between groan
types. Our results suggest that the sound source and the vocal tract resonances act together to determine groan individuality and that enough
variation exists to potentially allow individual recognition based on groans.

Introduction
The acoustic structure of vocalizations is usually
variable and can be affected by factors such as species identity, individual identity, social context, and
phenotypic traits of the vocalizing animal (Fischer
et al. 2002; Gerhardt & Huber 2002; Reby &
McComb 2003a; Blumstein & Munos 2005). Individual variation in temporal and/or spectral features
of acoustic signals is a pre-requisite for individual
recognition. In situations in which vocal recognition is useful, selection may favour more stereotyped individual calls and the ability to perceive
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the discriminatory cues (Aubin et al. 2000; Insley
2001).
Individual vocal recognition may be adaptive for
sexual selection, and influence male–male competition and female choice (Davies & Halliday 1978;
McComb 1991). The ability to distinguish between
stranger and familiar males based on individually
distinctive calls can help prevent unnecessary contests (Stoddard 1996). Moreover, females may
become familiar with individual vocal differences
and preferentially mate with familiar males who can
afford higher energy courtship displays (East & Hofer
1991; Zimmerman & Lerch 1993). Therefore, it could
223
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be advantageous for vocalizing animals to broadcast
information about individual identity.
Individual recognition based on vocal signatures is
common in mammals (Rendall et al. 1996; Sayigh
et al. 1998; Frommolt et al. 2003). The presence of
individual characteristics in mammal vocalizations is
not surprising because the individual morphology of
their vocal apparatus directly influences the spectral
structure of the emitted signal (Fitch & Hauser 1995,
2003; Riede et al. 2005; McElligott et al. 2006).
However, other than in humans (Homo sapiens), few
studies have examined the individuality of vocalizations in relation to their biomechanical modes of
production (Rendall et al. 1998; Soltis et al. 2005;
Reby et al. 2006).
The source-filter theory of voice production (Fant
1960) predicts that the spectral structure of most
mammal vocalizations results from the linear combination of two independent mechanisms. First, the
source signal is generated by the vibration of the
vocal folds during the passage of air in the glottis
and characterizes the fundamental frequency (and
its associated harmonics) of the vocalization. Then
the source signal passes through the supra-laryngeal
vocal tract where the resonance properties of the
vocal tract cavities act as a filter and determine the
amplification of specific frequencies called ‘formants’. The formants finally radiate out through the
mouth and nostrils into the environment. Because
fundamental frequency and formant frequencies
vary independently, one or both may provide receivers with information on caller identity (Rendall et al.
1998; Bachorowski & Owren 1999).
Both sexes of some deer species are known to produce individually distinctive calls (Espmark 1974;
Vaňková & Málek 1997; Reby et al. 1998, 1999a;
Torriani et al. 2006; Reby et al. 2006). The fallow
deer is a highly polygynous and size dimorphic deer
species (McElligott et al. 2001). While mature
females may vocalize throughout the year using contact or alarm calls, mature males only produce their
sexually selected groans during the breeding season
and are otherwise silent. In the northern hemisphere, males start to vocalize towards the end of
September and continue until early November. The
vast majority of matings occur during the latter half
of October and therefore some males begin to vocalize approximately 3 wk before the first matings
occur (McElligott et al. 1999). The most common
groan consists of a short, low-pitched and stereotyped vocalization characterized by a train of regularly spaced pulses (Reby et al. 1998). Vocalizations
may be used by males to signal their presence to
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potential mates and to identify and localize competing males (McElligott & Hayden 1999). Such a role
for groaning suggests the existence of recognition
cues for individuality. A previous study showed that
fallow deer common groans contain information on
individuality (Reby et al. 1998), but the factors
responsible for inter-individual acoustic variation
have not been explored in detail and the relative
importance of different call features for achieving
individuality remains unknown. Fallow deer males
also produce a more noisy and harsh groan, and the
acoustic structure of this call has never been described (E. Vannoni & A. G. McElligott, personal
observation). Because the production of various call
types may rely on similar actions of the vocal folds
and vocal tract of a specific individual, the acoustic
cues to individuality originating from these processes
may carry over across the vocal repertoire of the
species (Rendall et al. 1998; Reby et al. 2006).
In this study, we investigated the individual
acoustic variation of fallow buck groans in relation
to the principles of the source-filter theory of sound
production. We extracted and measured the spectral
parameters of common and harsh groans and compared the formant pattern of the two types of call.
Furthermore, we determined whether the acoustic
structure of common groans varies according to individual identity, and the relative contribution of each
feature in discriminating between different individuals. We finally determined if the acoustic individuality found in the formant pattern of common groans
holds across harsh groans.
Methods
Study Site and Subjects

The study was carried out on a herd of European fallow deer in Phoenix Park (709 ha, 80% pasture,
20% woodland; 5322¢N, 621¢W), Dublin, Ireland
during five breeding seasons between 1997 and
2004. All males used in this study were of known
age, had ear tags and were therefore individually
distinguishable.
Sound Recording and Signal Acquisition

Vocalizations were recorded using a Sony digital
audio tape recorder DAT-TCD D100 connected to a
Sennheiser MKH 70 directional microphone. Recordings were performed between dawn and sunset
when a male was groaning at a distance of 10–50 m
from the microphone.
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Fig. 1: Narrow band spectrograms of (a) a ‘common’ groan; and (b) a
‘harsh’ groan. The pulses and the first six formants are indicated

Vocalizations were transferred to a computer at a
sampling frequency of 22.05 KHz using Avisoft
SASLab Pro 4.36 and saved in WAV format, at 16bit amplitude resolution (Vannoni et al. 2005). As
most of the recordings did not contain energy above
8 KHz, they were down-sampled to 16 KHz for a
better frequency resolution. Narrow-band spectrograms of common and harsh groans (Fig. 1, FFT
method, window length ¼ 0.03 s, number of time
steps ¼ 1000, number of frequency steps ¼ 250, frequency resolution ¼ 20 Hz, Gaussian window shape,
dynamic range ¼ 35 dB) were generated using Praat
4.3.27 DSP package (P. Boersma & D. Weenink, University of Amsterdam, Amsterdam, The Netherlands). Each groan was visually inspected and
vocalizations with high levels of background noise
were rejected.
During the breeding season, fallow deer males
feed very little and lose approximately 26% of their
body weight (McElligott et al. 2003), and there is
some evidence from primates and deer that the
acoustic structure of vocalizations can be affected by
exhaustion (McComb 1988; Fischer et al. 2004). We
therefore analysed recordings taken between
October 9 and October 19 when only about 10% of
the total number of matings had usually occurred
(McElligott et al. 2001) and the majority of agonistic
interactions among males were non-contact displacements (McElligott et al. 1998). This minimized the
possibility that variation in the phonic structure of
groans could have occurred due to exhaustion of the
animals.
Vocalizations produced within the same bout are
more likely to be acoustically homogeneous than
vocalizations emitted in different bouts (Reby et al.
1999b), and therefore not statistically independent.
To minimize this problem, the majority of the
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Common groans are short and low-pitched vocalizations, characterized by a train-pulse structure
(Fig. 1a). The pulses represent the vibrations of the
vocal folds and determine the fundamental frequency of the call. Fundamental frequency (F0) is
defined as the inverse of the interpulse interval and
this can be measured as the distance between consecutive pulse onsets (Fig. 2a). Distances between
pulses were measured automatically from the envelope (amplitude vs. time) of the signal by using Pulse
Train
Analysis
(Fig. 2b;
method ¼ rectification + exponential decay; pulse detection ¼ peak
search with hysteresis; time constant ¼ 1 ms; threshold ¼ 0.1 V; hysteresis ¼ 16–19 dB) in Avisoft SAS
Lab-Pro 4.32. We calculated the values of the F0
along the groan and then averaged these values to
interpulse interval

amplitude (Volts)

frequency (KHz)

2.5

common groans (82%) were randomly selected from
different bouts and the remaining (18%) groans
belonged to long vocalization bouts but were never
consecutive.
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Fig. 2: Waveform of (a) a fallow deer common groan; and (b) its relative envelope. On the envelope of the signal, each amplitude peak is
detected and indicated as ‘pulse’
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obtain the mean F0 (F0mean). Because all groans
showed at least a modest frequency inflection, the
minimum and the maximum F0 (F0min and F0max)
were also included in the analysis. From the envelope of the signal we also calculated the number of
pulses (pulses) and the duration of the groan (duration) as the distance between the onset of the first
pulse and the end of the last one (Fig. 2b). Finally,
we quantified the variation of F0 along the call using
a measure of F0 perturbation, known as Jitter (Titze
1994). Jitter has been used as a measure of voice
quality in mammals (Rendall 2003) and in a similar
manner to other source-related features, may contribute to vocal distinctiveness (Owren & Linker
1995). In this analysis, Jitter was calculated by dividing the average absolute difference between
consecutive frequencies, by the mean F0 per groan
(peak-picking method, Horii 1979; Titze et al. 1987).
In the spectrograms of common and harsh groans
(Fig. 1), pronounced horizontal frequency bands are
visible. These bands correspond to peaks in the spectrum and they can result from both the vibration
pattern (regular or irregular) of the source and from
the vocal tract (i.e. formant frequencies and nasal
resonances). The conspicuous frequency bands of
fallow deer groans represent formants (McElligott
et al. 2006). The values of the first six formant frequencies (F1–F6) were estimated using Linear Predictive Coding analysis (LPC) [Sound: To Formant
(burg) command] in Praat 4.3 DSP package. By performing a single LPC analysis on each groan, higher
formants (F4–F6) were better detected and therefore
more accurately measured than lower formants (F1–
F3). We therefore conducted a double or a triple
LPC analysis on each groan to get the best estimations of all formants. We first carried out an LPC
analysis (time step ¼ 0.01–0.02 s, maximum number
of formants ¼ 3–4, maximum formant ¼ 700–
850 Hz, window length 0.1–0.26 s) to measure the
frequencies of the first three formants (F1–F3).
Then, we performed a second LPC analysis (time
step ¼ 0.01–0.02 s, maximum number of formants ¼ 6–7 maximum formant ¼ 1800–2600 Hz,
window length 0.1–0.26 s) to estimate the last three
formant frequencies (F4–F6). When the sixth formant was not detected by the second LPC analysis
(n ¼ 91), we conducted a third LPC analysis (time
step ¼ 0.01–0.02 s, maximum number of formants ¼ 5–6 maximum formant ¼ 1800–2600 Hz,
window length 0.1–0.26 s). LPC measurements were
transferred to Excel. We calculated the minimum
frequencies of the six formants (F1min–F6min) from
each groan by averaging the values over the last part
226
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of the call when formants become flat (plateau). We
included in our analysis the minimum (and not the
mean) formant frequencies because they are more
likely to be related to individual characteristics (Fitch
1997; Reby & McComb 2003a) and therefore to vary
between individuals. We also estimated the minimum spacing of the formants [known as minimum
formant dispersion (Dfmin)] according to Reby &
McComb (2003a).
To examine the differences in the acoustic structure between common and harsh groans (n ¼ 41 in
both cases) we analysed and compared the two types
of groans emitted from seven different males (4–8
calls for each individual, average ¼ 6.4  0.75). The
same data set was also used to evaluate the intraindividual stability in the spectral structure across
groan types. To investigate the individual-related
variation in common groans, we constructed a larger
data set required by this type of analysis; we analysed 153 groans from 16 different males (7–10 calls
for individual, average ¼ 9.6  0.24) ranging from 5
to 8 yr old.
Statistical Analysis

We used the Wilcoxon signed-ranks test to investigate the differences between the acoustic structure
of common and harsh groans. We compared the
averages of the minimum formant frequencies, the
minimum formant dispersion and the maximum
vocal tract length between the two types of groans.
We quantified the individual distinctiveness of the
common groans by performing a principal component analysis (PCA) followed by a multivariate analysis of variance (manova) and a discriminant
function analysis (DFA). PCA and DFA require a full
data matrix. Due to the different quality of the
recordings, it was not possible with some groans
(n ¼ 35) to measure all the acoustic parameters and
therefore our data set contained missing values.
To preserve the full matrix (n ¼ 153 groans) we substituted missing values with the average of each
variable (Blumstein & Munos 2005). Moreover, we
log transformed some of the acoustic variables
(pulses, duration, F0mean, F0min, and F0max) to reach
normal distributions. We used PCA to eliminate
redundancy due to the high intercorrelation of the
acoustic variables in our data set and to examine
clustering among variables. PCA transforms a large
number of correlated variables into a few orthogonal
variables (principal components) that explain the
maximum amount of variation in the original data
set with a minimum loss of information. Principal
Ethology 113 (2007) 223–234 ª 2007 The Authors
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components are weighted linear combinations of the
original variables. We retained those components
with eigenvalues greater than 1 (Kaiser’s criterion)
and applied a Varimax rotation of axes to improve
component interpretation. The scores of the five
extracted principal components were tested and confirmed for normality (Kolmogorov–Smirnov test)
and used as input variables in the DFA.
We used a multivariate analysis of variance
(manova) to confirm statistical differences in the
principal component scores across individuals. We
used DFA to quantify the extent to which individuals can be classified on the basis of their common
groans and which group of variables account most
for this classification (Johnson & Wichern 1992).
DFA identifies a linear combination of values (canonical functions) from two or more discriminating
variables (component scores) that best separate cases
(groans) into their a priori assigned discrete classes
(individuals). On the basis of the discriminant functions, each groan was assigned to its appropriate
group (correct assignment) or to another group
(incorrect assignment). We calculated the percentage
of correct classification due to chance by applying a
randomization procedure. The expected level of correct assignment was averaged from DFAs performed
on 1000 randomized permutations of the data set
(Solow 1990; McGarigal et al. 2000). We cross-validated our results by performing a leave-one-out classification, an appropriate method for small sample
sizes (Lachenbruch & Mickey 1968; Goutte 1997;
McGarigal et al. 2000).
Some principal component scores had similar factor loadings on the same discriminant function.
Therefore, we conducted a second DFA to clarify the
relative contribution of specific features in discriminating among individuals and to verify whether all
the measured acoustic variables are important for
individual separation. In this new analysis, we included all of the measured parameters and used a forward stepwise procedure (Johnson & Wichern
1992). Variables were entered in this analysis based
on the change in Wilk’s lambda (F to enter ¼ 3.84;
F to remove ¼ 2.71).
To investigate whether formant-related information about individuality carry over across groan
types, we examined if male common and harsh
groans, considered as a set, were consistently different between individuals. For this purpose, we first
built a sample with common and harsh groans
combined as they represented a single call type.
Then, we conducted a univariate analysis of variance (anova) on each of the seven variables considEthology 113 (2007) 223–234 ª 2007 The Authors
Journal compilation ª 2007 Blackwell Verlag, Berlin

ered (F1min–F6min and Dfmin) to test for betweenmale differences. We used Kolmogorov–Smirnov
test to determine if the variables were normally distributed. The randomization test was performed
using R 2.0.1. (R Development Core Team 2004).
All the other statistical analyses were conducted
using SPSS 11.5. All tests were two-tailed and factors were considered to have a statistically significant influence if p < 0.05. All means are given with
standard errors.
Results
Acoustic Characteristics of Common and Harsh
Groans

Common groans are characterized by a pulse-train
structure (Fig. 1a). Groans lasted from 230 to
607 ms (n ¼ 153; mean ¼ 383.0  6.1 ms) and contained a number of pulses, ranging from 7 to 18 per
groan (n ¼ 153; mean ¼ 11.0  0.2). The F0mean
was low and varied from 21 to 39 Hz (n ¼ 153;
mean ¼ 28.2  0.3 Hz). The F0min ranged from 16
to 29 Hz (n ¼ 153; mean ¼ 22.3  0.2 Hz) while
the F0max varied from 22 to 55 Hz (n ¼ 153;
mean ¼ 34.7  0.5). The variability of the fundamental frequency along the call was quantified by
the jitter parameter, which ranged from 2.0 to
29.6% (n ¼ 153; mean ¼ 12.6  0.4%). There were
six formants within the first 2.5 KHz of frequency of
the common groans. The first two formants are flat
over the whole groan. The F1min ranged from 152 to
263 Hz (n ¼ 134; mean ¼ 208.5  2.0 Hz) whereas
the F2min ranged from 329 to 496 Hz (n ¼ 138;
mean ¼ 414.3  1.9 Hz). From the third formant
upwards, frequencies decrease along the call until
they reach a minimum value at the plateau. The
minimum frequency ranged from 457 to 677 Hz for
F3 (n ¼ 149; mean ¼ 575.2  3.3 Hz), from 966 to
1149 Hz for F4 (n ¼ 153; mean ¼ 1060.2  2.9 Hz),
from 1170 to 1371 Hz for F5 (n ¼ 153; mean ¼
1265.9  3.2 Hz), and from 1672 to 1974 Hz for F6
(n ¼ 147; mean ¼ 1806.9  5.2 Hz). The Dfmin varied from 281 to 326 Hz (n ¼ 132; mean ¼
300.6  0.8 Hz).
Harsh groans are typically emitted in a short series, preceded and followed by common groans. They
constitute most of the post-copulatory vocalizations
(McElligott & Hayden 2001) and they are also often
associated with marking behaviour (E. Vannoni, personal observation). The F0 of harsh groans is not
well defined (Fig. 1b) and while two to three pulses
are usually visible at the beginning of the groan, the
227
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Common groans

Harsh groans

Acoustic
parameter

Mean

SE

Mean

SE

p

z

F1min (Hz)
F2min (Hz)
F3min (Hz)
F4min (Hz)
F5min (Hz)
F6min (Hz)
Dfmin (Hz)
VTLmax (cm)

211.22
412.83
570.67
1055.03
1253.37
1791.09
298.49
58.67

3.05
5.80
5.70
10.27
9.53
24.82
3.03
0.59

199.36
416.20
514.72
1079.42
1213.98
1851.82
302.58
57.86

6.05
4.58
5.57
12.58
11.84
21.59
2.54
0.48

0.13
0.40
0.02
0.03
0.03
0.03
0.24
0.24

)1.52
)0.85
)2.37
)2.20
)2.20
)2.20
)1.19
)1.19

Table 1: Acoustic parameters measured on
common and harsh groans (n ¼ 41 for both)
from males (n ¼ 7) that provided both types
of groans

Results from the pairwise comparison (Wilcoxon matched-pairs signed-rank test) showed a significant difference in the minimum frequencies of the last four formants between common and
harsh groans.

pulse-train structure disappears. The formants are
clear and are usually flat or show a weak modulation over the length of the groan. The minimum frequencies of the last four formants (F3min–F6min) of
the harsh groans were significantly different than in
common groans (Table 1). However, the minimum
formant dispersion did not differ between the two
types of groans.
Acoustic Cues to Identity

Five components (PC1–PC5) that exceeded Kaiser’s
criterion (eigenvalues greater than 1) were generated from the PCA performed on the common groans (n ¼ 16, Table 2). These five components
combined accounted for 82% of the variation in the
original data set. Filter-related parameters were
grouped in two different components (PC1 and PC4)
that reflect different aspects of the vocal tract function. PC1 included higher formant frequencies
(F3min–F6min), which are mainly related to the
length of the vocal tract, whereas PC4 consisted of
lower formants (F1min–F3min) generally associated to
the shape of the vocal tract. Two components reflected aspects of source characteristics; PC2 represented
measures of the F0 contour (lgF0mean, lgF0max and
lgF0min), whereas PC5 included lgF0min, lgF0max and
the Jitter, a measure of voice quality based on the
stability of vocal folds vibration. Finally, temporal
parameters (lgPulses and lgDuration) were highly
correlated with PC3. Groans were significantly different among males for all principal component scores
(manova: PC1, F15,137 ¼ 10.47; PC2, F15,137 ¼ 14.76;
PC3, F15,137 ¼ 2.90; PC4, F15,137 ¼ 5.14; PC5,
F15,137 ¼ 6.04; p < 0.001 in all cases).
Cross-validated DFA classified 36.6% of the male
common groans correctly. The mean percentage of
correct assignment due to chance calculated by the
228

Table 2: Rotated factor loadings of the measured acoustic variables
on the five PCs with eigenvalues >1
Components
Acoustic variable

1

2

3

4

5

Dfmin
F6min
F5min
F4min
lgF0mean
lgF0max
lgF0min
lgPulses
lgDuration
F1min
F3min
F2min
Jitter
Eigenvalue
% Variance explained

0.95
0.91
0.88
0.86
0.01
0.01
0.12
)0.00
)0.00
)0.33
0.28
0.17
0.07
3.48
26.77

0.03
0.04
0.01
0.04
0.96
0.83
0.78
0.29
)0.31
)0.08
)0.19
0.20
0.10
2.49
19.16

)0.04
)0.06
)0.01
0.09
)0.01
0.08
)0.10
0.95
0.94
0.07
)0.13
0.01
)0.01
1.82
14.03

0.17
0.00
0.15
)0.19
)0.02
0.02
)0.05
)0.02
)0.01
0.77
0.67
0.57
0.93
1.46
11.21

0.06
0.05
)0.05
0.02
0.09
0.44
)0.49
0.00
0.01
0.04
)0.23
0.21
0.92
1.41
10.81

Bold types indicates the heaviest factor loadings; a cutoff point of
0.40 was used to include a variable in a component. The eigenvalues
and their explained variance of each component are given at the bottom of the table.

randomization test was 6.19  0%. Because none of
the 1000 data sets had a correct classification greater
than or equal to the original data set, groans were
correctly classified at a percentage higher than that
expected by chance at p < 0.001. Five significant discriminant functions were generated (Ps < 0.01,
Table 3). The first two discriminant functions
together accounted for 81.1% of the variation and
were correlated with scores from the PC1 and PC2.
The third discriminant function accounted for
another 10.6% and was correlated with scores from
PC3, PC4 and PC5. The remaining two discriminant
functions were residual in nature, but combined
explained 8.3% of the variance.
Ethology 113 (2007) 223–234 ª 2007 The Authors
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Table 3: Structure matrix from the DFA, conducted using the five PC
scores. The matrix shows the correlations between the PC scores and
the discriminant functions and therefore the relative contribution of
each variable to the separation of individuals
Functions
PC scores

1

2

3

4

5

PC1
PC2
PC3
PC4
PC5
Eigenvalue
% Variance explained

0.47
0.60
0.03
0.14
)0.05
2.95
50.90

0.45
)0.50
0.06
0.32
0.41
1.75
30.20

)0.07
)0.26
0.46
0.51
)0.66
0.61
10.60

)0.63
0.37
)0.41
0.78
0.24
0.26
4.50

)0.42
0.42
0.79
)0.05
0.57
0.22
3.80

Bold types indicates correlations greater that r ¼ 0.45.

Not all the acoustic variables significantly contributed to the assignment of common groans to the
correct individuals, when they were used in the
stepwise DFA. Seven variables entered the analysis:
four formant frequencies (F2min, F3min, F5min and
F6min), two F0-related parameters (lgF0min and
lgF0mean) and one temporal parameter (lgDuration).
The lgF0min entered the analysis first followed by the
F6min and the lgF0mean. The cross-validated percentage of correct assignment was of 53.6%.
When common and harsh groans were considered
as a single call type, the univariate analyses of variance indicated significant heterogeneity among individuals for most of the formant frequencies and for
the minimum formant dispersion (anovas: F1min,
F6,75 ¼ 1.69, p ¼ 0.14; F2min, F6,75 ¼ 5.75, p < 0.01;
F3min, F6,75 ¼ 0.22, p ¼ 0.97; F4min, F6,75 ¼ 6.69,
p < 0.01; F5min, F6,75 ¼ 2.57, p < 0.05; F6min,
F6,75 ¼ 11.53,
p < 0.01;
Dfmin,
F6,75 ¼ 7.78,
p < 0.01).
Discussion
We found that the fundamental frequency-related
parameters and minimum frequencies of the highest
formants accounted for >80% of the variation, in
the individually distinctive common groans of fallow
bucks. It was possible to correctly classify the groans
of 16 individuals in 36.6% of cases, and in 53.6% of
cases using the stepwise procedure. Minimum formant frequencies still showed significant inter-individual variation when common and harsh groans were
combined, indicating that some information about
individuality holds across groan types. Studies investigating vocal individuality in mammals such as
humans and other primates, have shown the prominent role of vocal tract resonances as cues to indiEthology 113 (2007) 223–234 ª 2007 The Authors
Journal compilation ª 2007 Blackwell Verlag, Berlin

vidual identity (Owren et al. 1997; Bachorowski &
Owren 1999). Our results suggest that in fallow
deer, source and filter-related features contribute
equally to the vocal identity, possibly because of different selection pressures acting on the acoustic
structure of groans.
Common groans were characterized by a series of
low-frequency glottal pulses produced by the larynx.
Pulses contain broadband energy and therefore
emphasize the resonances of the vocal tract (Fitch
1997; Riede & Zuberbühler 2003). In fallow deer,
these resonances are likely to convey important
information such as the body size of the caller (Fitch
& Reby 2001; McElligott et al. 2006). The production
of pulse-train vocalizations may therefore have
evolved to broadcast formant-related information in
a more efficient way. However, formant frequencies
play a crucial role in the vocal communication of
red deer (Cervus elaphus), in which males mainly produce vocalizations characterized by a harmonic
structure, sometimes interrupted by non-linear phenomena, and with higher F0 than that of groans
(Reby & McComb 2003a; Reby et al. 2005). The
extremely low F0 and the pulse structure of fallow
deer groans suggest a similar production mechanism
to that of the human pulsed phonation (Blomgren
et al. 1998). This phonation mode is characterized
by reduced subglottal pressure (associated with the
expiratory force) and lower airflow than other phonation types (Blomgren et al. 1998). Pulse signals
are therefore physiologically easy to produce (Riede
& Zuberbühler 2003) and may require less effort
from the vocalizing individual. Fallow bucks commonly groan at rates of 60 per minute and can also
groan at rates of 90 for very short periods
(McElligott & Hayden 1999, 2001). Such high vocalization rates not only play a role in intrasexual competition, but are also probably necessary to facilitate
the detection and the recognition of the information
contained in the vocalizations in a situation where
many conspecifics vocalize in close proximity
(Jouventin et al. 1999; McElligott & Hayden 1999).
We suggest that the production of pulsed vocalizations could be adaptive if this would allow males to
save energy and therefore to achieve and sustain
high vocalization rates. However, data on the aerodynamics and physiological properties of the vocal
production mechanism in fallow deer are needed to
test this hypothesis.
Formants showed a weak modulation along the
harsh groans in a similar manner to red deer harsh
roars. This suggests a static posture of the vocalizing
male and the onset of the vocalization when the
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larynx is already pulled down towards the sternum
(Reby & McComb 2003b; McElligott et al. 2006; this
study). The observed differences in formant values
between common and harsh groans may represent
differences in the vocalization posture or articulatory
movements (movement of the tongue, mandible,
and lips) during the production of the two types of
groans (Rendall et al. 1998). However, there was no
significant difference in the minimum formant dispersion between the two types of groans, suggesting
a similar extent of laryngeal lowering.
Discriminant function analyses confirmed that fallow deer common groans are individually distinctive.
The percentage of correct assignment (36.6%) was
significantly higher than that expected by chance
(6.3%), but lower than that previously reported for
fallow deer groans (87.9% using network classification; Reby et al. 1998). This discrepancy is probably
due to the larger number of individuals used in our
analysis and for statistical reasons, this results in a
lower classification rate. Moreover, it is important to
consider that our result represents a conservative
estimate of the percentage of correct assignment.
The loss of about 20% of the variance in the acoustic properties due to the use of the PCA probably
reduced the number of groans that were assigned to
the correct individuals. This hypothesis is supported
by the higher percentage of correct assignment that
we obtained from the stepwise DFA (53.6%), in
which the acoustic parameters (and not the principal
component scores) were used, and all available
information was therefore preserved. Generally, with
mammal vocalizations, the variety of acoustic
parameters included in DFA and the diverse sample
sizes used to examine the degree of individuality,
make it difficult to compare the absolute values of
correct assignment across studies. Nevertheless, we
found that calls were assigned to the correct individual with a probability of 6 (DFA with PC scores) to
8.5 (stepwise DFA) times higher than that predicted
by chance, a result similar to that reported for other
mammals such as baboons (Owren et al. 1997;
Fischer et al. 2002).
The examination of the structure matrix of the
DFA (Table 3) indicates that characteristics associated
with source energy, vocal tract filter, and temporal
features, all contribute to the identification of a
given common groan, and with variables related to
the F0 contour and the minimum frequencies of the
higher formants being the most distinctive. This
finding is consistent with those on acoustic individuality in African elephants (Loxodonta africana),
baboons (Papio hamadrayas ursinus), and humans
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showing that both the vocal folds and supra-laryngeal structures play important roles in shaping the
call and producing inter-individual acoustic differences (Bachorowski & Owren 1999; Rendall 2003;
Soltis et al. 2005). However, we found that variation
in the vocal-tract resonances did not provide more
stable, individually distinctive acoustic information
than variation in vocal fold activity. Instead, the similar values of the correlations between the scores of
PC1 and PC2 and the first two discriminant functions (Table 3) indicate a comparable contribution of
filter-related characteristics (especially those related
to the vocal tract length) and source-related characteristics in differentiating individuals, with the latter
being slightly more important. Nonetheless, filterrelated features that were not measured in this
study, such as formant amplitudes and spectral
shape, could also contribute to vocal distinctiveness
(Rendall 2003) and lead to a larger influence of
vocal tract resonances on acoustic individuality.
Results from the stepwise DFA indicated that the
discrimination power of the component in which
variables of the F0 contour were included, is mainly
determined by the minimum F0 (F0min), followed by
the mean F0 (F0mean). F0min represents the minimum rate at which the vocal folds vibrate and this is
physiologically constrained by their length (Titze
1994; Fitch 1997). It is therefore not surprising that
the F0min is the acoustic feature that varies most
among individuals. Pulsed vocalizations generally
show a narrow range of variation of F0 (Blomgren
et al. 1998; Riede & Zuberbühler 2003; Frey et al.
2006). This suggests a highly stabilized vibration pattern, which is likely to contribute to the stability of
the F0-related parameters within individuals. However, sexual selection might have favoured the evolution of vocal cues to the fitness-related
characteristics in fallow deer males, and led to the
selection of lower pitch vocalizations, indicating
higher-quality individuals. Such low pitch may persist and be perceived at distances from the caller at
which formants are likely to be distorted (O’Connell-Rodwell et al. 2000; McComb et al. 2003).
Although all filter-related characteristics potentially
represent cues to caller identity, lower formants contribute less than higher ones to the inter-individual
variability of the acoustic structure of common
groans. One explanation based on what is known
about human vocal production is that while lower
formants are determined by changes in the shape
of the vocal tract occurring continuously during
vocalization, higher formants may be less variable
because they represent the resonance effects that are
Ethology 113 (2007) 223–234 ª 2007 The Authors
Journal compilation ª 2007 Blackwell Verlag, Berlin

E. Vannoni & A. G. McElligott

primarily determined by the length of the vocal
tract (Fant 1960; Reby & McComb 2003a). However, the extent to which the vocal production
mechanism in fallow deer (especially in terms of
vocal tract shape and vocal folds dynamics) is similar to that of humans remains to be investigated. In
our study, the frequency of the highest formant
(F6min) entered the stepwise analysis first and this
was the variable that most strongly related to the
minimum formant dispersion (Dfmin). Formant dispersion is related to vocal tract length and in turn
to the body size of a variety of mammals (Fitch
1997; Riede & Fitch 1999; Reby & McComb
2003a). Therefore, individual variation in formants
might be traced to some extent to differences in
body size between individuals.
Other factors related to the source energy (Jitter)
and temporal pattern are likely to play a role in individual vocal distinctiveness in fallow deer common
groans, because the scores of their component (PC3
and PC5, respectively) are correlated with the third
discriminant function (Table 3). Results of the stepwise DFA showed that the duration of a groan
explained a small percentage of inter-individual variation in the acoustic structure and contributed to
improved classification accuracy. In contrast, Jitter
did not enter the analysis and therefore appears to
have a marginal (if any) role in determining vocal
individuality. However, because of the variety of
methods that can be used to calculate Jitter (reviewed
in Titze & Liang 1993), these results are only applicable to our method of measuring Jitter. Although Jitter may not differ substantially between individuals,
it represents a measure of vocal perturbation and
may therefore provide information about arousal
states (Gamba & Giacoma 2005; Riede et al. 2005).
Individual characteristics of vocalizations can be
specific to each call type or can be shared by several
call types. The acoustic structure of the harsh groans
mainly consists of broadband energy determined by
irregular vibrations of the vocal folds. This non-periodic energy source generates noise that in the spectrum looks like deterministic chaos (Wilden et al.
1998). While the presence of this non-linear phenomenon in calls of certain individuals (and not of
others) may provide an additional cue to individuality (Fitch et al. 2002), it makes all the informationrelated to the F0 unavailable to receivers. Formants
have been hypothesized to represent a highly stable
and reliable source of information about the identity
of the caller carrying this information across a variety of vocalization contexts and call types (Owren
et al. 1997). Results from our univariate analysis of
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variance performed on a combined set of harsh and
common groans indicated that the vocal tract resonances of the two types of groans share cues to identity. Fallow deer might therefore possess individual
voices as shown in other mammals (humans,
Doddington 1985; rhesus monkeys, Macaca mulatto,
Rendall et al. 1998, red deer, Reby et al. 2006).
However, it is unlikely that these cues alone allow
individual recognition because of the large contribution to individuality of the source-related characteristics.
Bouts of harsh groans are more likely to be delivered when other males are close to the vocalizing
individual (E. Vannoni, personal observation) and
therefore when other sensory channels (such as
vision or olfaction) are available for recognition.
In this context, it could be more beneficial for males
to produce vocalizations with non-periodic energy
sources, such as harsh groans, in which the information about individuality is reduced (Rendall et al.
1998) but other formant-related information such as
body size is emphasized (Fitch et al. 2002; Reby
et al. 2005). Morton (1977) suggested that harshness
is tied to large body size indirectly through the production of low-pitched sounds. However, in homoeothermic vertebrates, size at maturity is constant and
therefore the use of low or high frequency sounds
might be more important in conveying information
about motivation, than about body size (Morton
1982). In mammals, although harshness is generally
associated with high subglottal pressure and therefore likely to reflect the motivational state of the caller (Reby & McComb 2003b), it is also characterized
by broadband energy that enhances the transmission
of body size information related to formants (Fitch
et al. 2002; Reby et al. 2005).
The phonic structure of fallow buck groans differs
greatly from the naturally selected contact calls of
adult female fallow deer. Adult females mainly produce tonal calls with relatively high fundamental
frequency, and calls composed of a first noisy part
and a second part with harmonic structure (Torriani
et al. 2006). Some female calls are characterized by
a low pitch and a noisy structure. In these, a small
decrease in formants is evident along the call, indicating a small vocal tract elongation due to the lowering of the larynx (McElligott et al. 2006; Torriani
et al. 2006). The fundamental and formant frequencies of female calls are considerably higher than
those of male groans. This is not surprising given the
sexual size dimorphism (McElligott et al. 2001), and
therefore females have shorter vocal folds and vocal
tract. Moreover, the sterno-thyroid and sterno-hyoid
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muscles, which allow the descent of the larynx
towards the sternum, are highly sexually dimorphic
(Reby & McComb 2003b).
To conclude, this is the first time that the individually distinct acoustic structure of fallow deer common groans was examined from a source-filter
theory perspective. Our results suggest that formant
frequencies produced by the filtering process in the
vocal tract and acoustic characteristics related to
voice source, play similar roles in coding for individuality. This study also provides the first quantitative
description of the acoustic structure of harsh groans,
and suggests that this structure carries some of the
information about individuality. Whether the variation in the acoustic cues to individuality are used by
the animals for individual recognition remains to be
investigated. However, given that fallow deer fawns
can identify their mothers based on their individually distinctive vocalizations (Torriani et al. 2006),
then it is also likely that adults can identify individuals when acoustic cues to individuality are available
in calls.
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