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Abstract

I provide an overview of the studies on human speech and animal communication,
showing that the formants, or vocal tract resonances, are crucial acoustic features of
human and nonhuman vocalizations. The formants of nonhuman mammals possess
the potential to provide conspecifics with cues to emitter’s body size, species and
individual identity. The findings reviewed in this paper suggest that human phonetic
abilities may have evolved separately from formant perception and possibly at a later

stage, as the widespread use of formants in animal communication would indicate.

Introduction
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During our everyday interactions, our brain computes an incredible number of
operations, including decoding and encoding the vocal sounds we hear from and
exchange with others. The most prominent features of these sounds derive from a
specific step in our phonation process. The vocal cues in the human voice can provide
information about individuality and sex (Dellwo et al. 2007), as we experience
everyday when a member of our family or a friend calls at the intercom, or when a
never-before-seen call center operator phone us for a special offer. Most surprisingly
similar acoustic features may play a role in the recognition of other species’ calls
(Molnar et al. 2006), as when we identify our family dogs and cats. These features
play a role in animal communication too, providing other individuals with information
about the emitter (Taylor and Reby 2010). The purpose of this paper is investigating
these processes in a comparative perspective, outlining the role of formants in the
vocal communication of humans and others species. Of course, what we consider the
main feature of speech is its verbal information. I ask you to forget about that while
reading this paper, and appreciate the nonverbal component of human speech, being
ready to evaluate whether other species make a use of shared properties of the vocal

signals.

The source-filter theory and human speech

Human typical sounds are shaped during two independent events taking place in our
phonatory apparatus. The first of these events takes place in the larynx, when the
airflow coming from the lungs elicits cyclic abduction and adduction of the vocal
folds. The signal produced by this process is usually indicated as source signal (Fant
1960; Flanagan 1965) and has its salient feature in Fundamental frequency (or F,)

(Titze 1994). The recognition that larynx phonation was not enough to produce a



normal human voice is dated back to the 18" century, when von Kempelen (1791), the
first experimental phonetician, was creating his speaking machine. In his machine, an
ingenious mechanism made evident the role of the supralaryngeal cavities in shaping
the vocal sounds. In fact, a second, independent event takes place in the vocal tract
during voice production. The vocal tract, which resembles a series of tubes, acts as a
resonator and filter frequencies produced at the glottis. This filtering process (Fant
1960; Flanagan 1965) enhances or leaves unchanged the intensity of the frequencies
corresponding to the resonance modes of the tube and dampens the others. The
description of the source-filter system presented above have been proposed by Muller
(1848) and postulated by Fant (1960).

The characteristics of human speech sounds strongly depends on the resonance in the
supralaryngeal airway and the filter suppresses the transfer of sound energy at certain
frequencies as a consequence of its length and shape (Titze 1994).

The visual result of the filtering process, when seen on the frequency spectrum of a
vowel sound, would be the presence of prominent peaks called formants. The
resulting spectrum would represent the vocal signal at the end of the vocal tract (e.g.
at the lips). The amplitude of each frequency component, the Fundamental frequency
and its integer multiples (the harmonics), would depend on the amplitude of the
specific component and from the filter function (Ladefoged 1996). Formants are
usually numbered subsequently according to their increasing frequency. They
represent the centre frequencies of the supralaryngeal vocal tract filter (Lieberman
and Blumstein 1988). Formants measured in human speech sounds are usually three
or four (F, F,, F;, F,) (Boersma 2014).

Voice perception in humans follows very complex neural mechanisms (Miller 1990)

that I will not investigate here. But we know that the pitch (a perceptual



representation of the Fundamental frequency) of a speaker’s voice is important to
perception of various speaker characteristics (e.g. gender, Gelfer and Bennett 2013)
and that that Fundamental frequency differences are crucial to segregate
acoustic/phonetic components during perception of a speech signal (Darwin and
Gardner 1986; Gardner et al. 1989).

Previous studies have shown that male and female voices differ in their Fundamental
frequency (Aronovich 1976; Banse and Scherer 1996). In the comparative analysis on
European languages by Traunmiiller and Eriksson (1994), males showed lower
Fundamental frequency (119 Hz) than females (207 Hz). Fundamental frequency
differences among men and women can be explained in relation to differences in
larynx size and vocal fold length. Kahane (1978) and Hirano and colleagues (1983)
showed that the human larynx and the length of the vocal folds increased during
development and stops at around twenty years old, when male larynx is
approximately 20% bigger than women’s one. At that age, the membranous length of
the vocal folds is approximately 10 mm in men and 16 mm in women. Titze (1989)
found that this factor (1.6) accounts entirely for differences in mean Fundamental
frequency of men and females sounds.

Formants are not only the key acoustic parameters defining differences between
phonemes in speech, showing that vocal gestures are significantly impacting vocal
tract resonance, but also provide listeners with various cues about speaker’s
characteristics. A simple empirical experiment can be done when speaking in front of
a mirror. We could then appreciate how the vocal tract length can be varied through
adjustments of larynx position, mouth opening and lip protrusion.

Formant measurements show clear sex and age differences in the resonance of men,

women and children (Chiba and Kajiyama 1941; Potter and Steinberg 1950; Peterson



and Barney 1952). These differences are consistent for different vowel categories.
They have generally been interpreted as a consequence of different vocal tract size.
Changes in the vocal tract length during ontogeny (Fitch and Giedd 1999; Vorperian
and Kent 2007) have dramatic effects on formant frequencies. Formants, and
especially the spacing between formant, usually decrease as the vocal tract lengthens.
Values usually considered as an average are 6 to 8 cm for neonates, 15 cm for adult
females and 18 cm for adult males. It can be of interest to notice whether no final
evidence of sexual dimorphism in Fundamental frequency until puberty (Hirano et al.
1981), the formant pattern may be useful to provide sex specific information in pre-
pubertal subjects (Cartei and Reby 2013).

Formants are known to inform about individuality because many possible adjustments
occurring in the phonatory apparatus, where the physical size of the organs is only
one source of variation, but important (see Dellwo et al. 2007). The individual-
specific length of the vocal tract and the size of the cavities affect acoustic resonance.
Additionally, I have already mentioned the effects of lips and larynx movements.
Listening to someone speaking may allow us inferring about the speaker’s sex
(Hillebrand and Clarke 2009), regional origin (Clopper and Pisoni 2004a; 2004b;
Jacewicz et al. 2011) and, to a limited extent, age (Schétz and Svantesson 2005), body
size (Rendall et al. 2007) and emotional state (Banse and Scherer 1996; Goudbeek et

al. 2009; Khulage and Pathak 2012).

The role of formants in animal communication
Despite the integration between linguistic, phonetics studies and animal behaviour
and communication has made relevant steps in recent years, the parallel view of

typical acoustic cues of human speech in relation to those found in animal



communication is still at the very beginning. Briefly, taking the same perspective used
above, let me consider that whether morphology of the mammalian larynx has shown
moderate variability (Negus 1949; Harrison 1995), its basic layout is very
conservative among most terrestrial mammals (Fitch 2000a). Keeping my focus on
formants, I will not get into the details of studies concerning larynx-related vocal cues
in animal communication. Let me just summarize that whether it has been
demonstrated that the lowest deliverable F, of an individual is correlated with the
length and mass of its vocal folds, the correlation between the vocal fold length and
the caller’s size is not robust (Fitch and Hauser 1995; 2002; Reby and McComb 2003;
Rendall et al. 2005; Sanvito et al. 2007).

The study of formants in non-human species has received discontinued attention from
researchers. Nonetheless, the evidence that formants may play a role in animal
communication and that they possess the potential to convey information in animal
systems is solid and constantly growing. In the last century, the study of vocal tract
resonance in non-human primates started as an attempt to demonstrate that primates
could not produce human speech sounds. Once the pioneering works of Lieberman
and colleagues (Lieberman 1968; 1969; Lieberman et al. 1969; 1972) showed that the
anatomy of the non-human primate vocal tract prevents the production of human-like
sounds, this field of investigation has seen dramatic loss of interest. Later on, the
work of Andrew (1976) and then Hauser (Hauser et al. 1993; Hauser 1996) brought
back attention to the meaning of formants in primate intra-specific communication.
The studies conducted by Marc Hauser (Hauser 1991; 1992; 1996; Hauser and Fowler
1992; Hauser et al. 1993) showed that monkeys and apes possess the ability to modify
the shape and the length of their vocal tract. The point is not whether other species

can produce the wide variety of sounds typically used in human speech, but to



understand how these species may change the spectral properties of their calls and
how these changes determine crucial features of their vocal communication. An
influential paper in primate formant studies is the work of Fitch on the correlation
between body size and vocal tract length in macaques (1997). In this paper, Fitch
demonstrates the correlation between the distance between formants, vocal tract
length and body size. Formant position and spacing provided an accurate means of
predicting a vocalizer’s body length and mass. Publications by Fitch and Hauser
(Fitch and Hauser 1995; Fitch 1997), together with the papers by Owren, Rendall and
colleagues (Owren 1990; Owren et al. 1993; Owren and Linker 1995; Owren et al.
1997; Rendall et al. 1996; Rendall et al. 1998; Rendall et al. 1999) were the first
moves towards the quantitative investigation of vocal tract-related acoustic cues in
animal communication in the last two decades.

These studies, among others, cleared out the sometimes apparent sometimes
concealed idea that variable formant patterns would be allowed only for organisms
showing the larynx in a “lowered” (or “descended”) position. Thus, only humans
would be able to produce proper formants. Actually many studies showed that, while
the larynx in many species is inserted into the nasal passages when in resting position,
it could be temporarily lowered during phonation (Fitch 2000b). This is the case of
lemurs, which can perform (similarly to human neonates) a nasal/laryngeal seal. They
lower the larynx to produce oral calls and slightly move it to produce nasal calls
(Gamba and Giacoma 2006; Gamba et al. 2012). This result was then complemented
by studies showing that some species possess a permanently lowered larynx (e.g.
deers or Mongolian gazelles (Fitch and Reby 2001; Weissengruber et al. 2002).

The vocal tract in most terrestrial mammals is confined in the head, thus its length is

strongly correlated with skull length, and thus with body size (Fitch 1997; 2000c).



Because of this, the formant frequencies are feasibly providing conspecifics with
honest indications of the emitter’s body size (Fitch and Hauser 1995). Of course, this
has important implications for sexual selection and mate competition and, in fact, it
has been demonstrated for many species (Fitch 1997; Harris et al. 2006; Sanvito et al.
2007; Vannoni and McElligott 2008; Charlton et al. 2009), in which body size and
skull size are correlated. The link between formants and body size could have
favoured the evolution of morphological adaptations directed to elongate the vocal
tract and invalidate the honesty of the signal (Fitch and Hauser 1995). The ability of
increase the length of the vocal tract would result in broadcasting the information of a
larger emitter. Context-specific systematic use of the longer available tract (e.g. the
nasal tract) would maximize the possible cues to body size provided to listeners
(Gamba, unpublished data). But, as mentioned above, there are also other strategies
for vocal tract elongation, as lowering the larynx during vocal production (e.g. deer,
Fitch and Reby 2001; Reby and McComb 2003; koalas, Charlton et al. 2011; dogs,
Riede and Fitch 1999).

The absence of a proper descended larynx has not limited other mammalian species to
use articulators to modify the vocal tract resonance. Whereas the role of tongue
movements is still unclear (Riede et al. 2005; Lieberman 2006; Fitch and Zuberbiihler
2013), mouth opening and lip position can be both used to alter the sound (Gamba and
Giacoma 2006; Favaro et al. 2008; Gamba et al. 2011). I was strongly impressed to
realize that indris tune their vocal tract in a way that favours the landing of the
fundamental frequency of their calls in the frequency window of the first formant
(Favaro et al. 2008; Gamba et al. 2011). Although further studies are needed to clarify
the structure of the vocal tract in these species, I am confident that the most important

determinant of the indris formant patterns is mouth opening and that this strategy is



used in order to increase the broadcast area of the signalling in its dense tropical rain
forest environment. This is strikingly similar to what has been suggested for female
human singers, who share with indris the remarkably high pitch of their songs
(Sorrentino et al. 2013), producing powerful high tones to be heard over the orchestra
(Sundberg 1987; Joliveau et al. 2004).

Going back to indexical cues in primate calls, I want to mention some studies
focusing on the potential for species- and individual-recognition. The species-specific
potential of formant patterns in nasal vocalizations of Eulemur species was
investigated in Gamba, Friard and Giacoma (2012) by means of acoustic analysis and
computational models of the vocal tract. This study allowed understanding that the
shape and length of the lemur nasal tract are both influencing the acoustic output and
that the formants resulting from resonance on the nasal airways have a potential for
species recognition. The combined use of modeling and quantitative acoustic analyses
demonstrated that laryngeal morphology and the nasal airways determine differences
in formant position and formant spacing in lemurs. This study also showed that
prominent spectral features of lemur calls are indeed the result of vocal tract filtering.
Another paper on lemurs (Eulemur rubriventer, Gamba et al. 2012) showed that
formants measured from nasal grunt of different individuals have distinctive patterns
and thus are potentially providing conspecifics with individual cues. These results are
in agreement with the data presented by Rendall and colleagues (1996), who
suggested that formant information in macaque provides conspecifics with a relatively
stable indicator of individual identity.

There is more ambiguity when we analyse sex- and age-related cues. The spacing

between the first and the second formant decreased with age in baboon barks (Fischer



et al. 2002; Fischer et al. 2004) but has seen controversial result in Pfefferle and
Fischer (2006) where they failed to find these correlation in adult females.

Although it is likely to be present in many species, we still lack evidence about sexual
dimorphism in formant patterns. The relationship between sex and formants was
rarely investigated (Ey et al. 2007). Potential sex information has been found in the
clicks of crowned lemurs (Eulemur coronatus), where Discriminant analysis identified
statistically significant differences in the third and the fourth formant (Gamba and
Giacoma 2007). Available data show very little sexual dimorphism in the body size of
Eulemur coronatus (Leigh and Terranova 1998) and sex dimorphism has been found
in one call type only. The above-mentioned studies fits well with those showings that
formant-based semantic communication is present in non-human primates (Owren
and Bernacki 1998; Riede and Zuberbuhler 2003a, b; Rendall et al. 2005).

I want to highlight that the importance of vocal tract filtering is not limited to
primates. Songbirds produce acoustically complex utterances that exhibit rapid and
dramatic variations in frequency and duration. Several findings indicated that vocal
tract resonance have a role in bird communication. Vocal tract shape and length
modify the sound produced at the syrinx (Gaunt and Nowicki 1997). Beak and tongue
movements, and neck elongation were known to emphasize the time-frequency
patterns of the sounds produced at the syrinx but their significance in changing the
configuration of the vocal tract and determine the acoustic structure of birdcalls has
been widely recognized only in recent years. Tongue movements observed in parrot
vocalizations modulate formant characteristics independently from the vocal source
(Nottebohm 1976; Patterson and Pepperberg 1998) showing a striking similarity with
a speech-like formant system (Beckers et al., 2004). The birdsong vocal system can

actually be much more complex than previously though. Riede, Suthers, Fletcher, and



Blevins (2005) studied the impacts of beak gape, the oropharyngeal-esophageal filter
and the tracheal filter, have been studied experimentally using cineradiography and
computational modelling. As reported above for the indris, thanks to a complex motor
coordination can adjust their vocal tract using strategies similar to those shown by
human sopranos.

Birds, primates and other mammals may actually use their supra-laryngeal tracts to
modify their vocalizations and may change the configuration of their airways to shape

the formant patterns of their calls to a significant extent.

A comparative perspective

I showed that spectral prominences in the vocalizations of a growing number of
nonhuman species are formants. These parameters have the potential to provide
conspecific listeners with honest information on some emitter’s characteristics
similarly to what we are used to in human vocal communication. But the potential of
providing this information does not necessarily correspond with the receiver’s ability
to perceive the signal. Receiver preadaptation plays an important role in the evolution
of signals, including vocalizations. Thus, we should ask whether listeners could
perceive formants. Three studies can provide interesting data to this point. First,
spontaneous formant perception has been demonstrated in macaques (Fitch and Fritz
2006). Second, the ability of baboons (Papio anubis) to discriminate changes in
formant structure is roughly comparable to the human ability (Hienz et al. 2004).
Third, the use of playback experiments allowed demonstrating that female red deer
are sensitive to shifts in formant frequencies (Charlton et al. 2007).

These studies indicated that formants are salient for nonhuman mammals and that

they have a strong biological significance. Thus, other species can perceive formants



and can discriminate formant changes similarly to that observed in humans. I believe
that the data presented above indirectly support the hypothesis that formants can be
perceived spontaneously in Strepsirrhini (Gamba et al. 2012), as demonstrated in
macaques. Evaluating these results in the light of the perceptual abilities of lemurs,
Gamba, Friard and Giacoma (2012) found that the second, third and fourth formants
are comprised in the optimal sensitivity of Eulemur fulvus and Eulemur macaco
(Mitchell et al. 1970). These formants were also more stable across species and
appeared to have a stronger correlation with vocal tract length when compared to the
first formant. Gamba, Friard and Giacoma (2012) also showed that between-species
formant variation is around 15% for the second and third formants, and around 8%
between conspecifics. When these results are compared with those reported by
Kewley-Port and Watson (1994) about human voice the reader could notice that
formant changes can be discriminated by lemurs in a way that may be not fine-scaled
as the one of humans, but it is roughly similar.

Consequently, we can imagine that, at least in several other mammal species,
individuals may regulate their social interactions and adjust their behavioural
responses according to vocal signals in which formants are meaningful features.
Broadening our view, we can infer about the evolution of formant communication.
The evidence concerning formant perception and production in nonhuman mammals
suggests that it should have evolved independently from larynx position. Species
without permanently descended larynges use formants as vocal cues. As argued by
Fitch and Reby (2001), larynx position in the vocal tract may not have evolved for
phonetic functions and a phonetic-driven analysis of vocal tract morphology based
solely on this character must be undertaken in a cagily. The widespread ability of

elongating the vocal tract (Fitch 1999) may have been evolved under the pressure of



body size exaggeration and not to increase the articulatory potential and widen the
vocal repertoire (Fitch 1997; Fitch and Giedd 1999).

The human two-tube vocal tract configuration, possibly not uniquely human to a
certain extent (Nishimura et al. 2003; Nishimura et al. 2008; Fitch and Zuberbiihler
2013), surely enables a wider range of resonance patterns and complex articulation
when compared to any other mammalian vocal system. But there are many other
adaptations. Some species show a permanently descended larynx, others present
species-typical modifications of the phonatory apparatus, like an air sac (e.g.
siamangs) or a short stump of a nose (e.g. snub-nosed monkeys). Still others, like
some birds, have the capacity to learn vocalizations. Future works will shed light on
the selective pressures that might have shaped these processes. But the use of formant
communication appears as an ancient aspect of vocal communication, which possibly
pre-dated the two tube vocal tract and anticipated the uniquely human phonetic

abilities.
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