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ABSTRACT

The human voice may convey meaningful information about socially and evolutionarily
relevant characteristics of the vocalizer. In turn, listeners may readily evaluate personal
characteristics, such as body size, on the basis of nonverbal voice features. Research
investigating vocal communication of physical size in humans has focused on two salient
and largely independent voice features, fundamental frequency and/or corresponding
harmonics (perceived as voice pitch) and formant frequencies (resonance frequencies of
the supralaryngeal vocal tract). However, the degree to which fundamental and formant
frequencies reliably predict variation in body size controlling for sex and age, and their
relative role in the perception or accurate estimation of body size, has to date been
unclear. In the current thesis, using meta-analysis, I establish that formants reliably
predict variation in men’s and women’s heights and weights. In contrast, fundamental
frequency only weakly predicts men’s heights and women’s weights. These findings
corroborate work on many other mammals whose vocal production, like humans, follows
the source-filter model. Despite the lack of a robust physical relationship between
fundamental frequency and size within sexes, I further demonstrate that listeners utilize
voice pitch to accurately gauge men’s relative height. My research suggests that voice
pitch indirectly facilitates accurate size assessment by providing a carrier signal (i.e.,
dense harmonics) for formants. This is the first evidence that pitch does not confound
accurate size estimation. Finally, I demonstrate that voices with lowered pitch, but not

raised pitch, are perceived as larger when projected from a low than high spatial location.
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These results suggest that strong cross-modal perceptual biases linking low pitch to low
elevation and large size may, in some contexts, cause errors in size estimation. Taken
together, this thesis provides a detailed account of human vocal communication of body

size, which can play a meaningful role in sexual and social contexts.
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CHAPTER 1: GENERAL INTRODUCTION

In this thesis, I examine relationships between the human voice and body. In
Chapter 1, I discuss several functions of acoustic communication and the ubiquitous
importance of body size among animals, including humans, from an evolutionary and
cognitive perspective. I then review the literature on vocal correlates of physical size and
on listeners’ voice-based estimates of size. I highlight the holes in this literature and
outline the research that will empirically address these open questions in Chapters 2, 3,
and 4. In Chapter 5, I discuss the implications, limitations, and future directions of this

work.

Acoustic Communication

Animals in a wide variety of taxa communicate using sound, including insects,
birds, anurans, fish, and all extant species of mammal (Owren, 2012; Simmons, Popper,
Fay, & Gerhardt, 2003). Animal vocalizations play a pivotal role in social
communication. Seminal work on mammals, such as red deer and non-human primates,
revealed that vocal characteristics frequently determine the outcome of competitive
resource contests and mate choice (Clutton-Brock & Albon, 1979; Marler & Tenaza,
1977). In non-sexual scenarios, such as parent-infant or group interactions, vocalizations
may function to indicate affective state, identify kin, and maintain social relationships
(Marler & Hobbett, 1975; McComb, Reby, Baker, Moss, & Sayialel, 2003; Rendall,

Rodman, & Emond, 1996). Vocalizations may also be used to transmit information
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among individuals, for example through alarm calling in many mammals (e.g., Sherman,

1977) or language in humans.

Nonverbal structural features of the voice may provide information about the
vocalizer. In humans, various features of the voice indicate sex (Huber, Stathopoulos,
Curione, Ash, & Johnson, 1999; Titze, 1989; Wu & Childers, 1991) and approximate age
(Bruckert, Liénard, Lacroix, Kreutzer, & Leboucher, 2006). The human voice can also
provide information about an individual’s circulating levels of sex and stress hormones
(Abitbol, Abitbol, & Abitbol, 1999; Bruckert et al., 2006; Dabbs & Mallinger, 1999;
Kirchhiibel, Howard, & Stedmon, 2011), social dominance or physical strength (Puts,
Apicella, & Cardenas, 2012a; Puts, Hodges, Cardenas, & Gaulin, 2007; Sell et al., 2010),
and body size, which is the focus of this thesis. Nonverbal features of the human voice
may have been shaped, at least in part, by sexual selection (Darwin, 1871; see also

Owren, 2012; Puts, Jones, & DeBruine, 2012b).

Human listeners may in turn use vocal information for a variety of purposes. For
example, listeners may use vocal information to discriminate familiar from unfamiliar
individuals (Campanella & Belin, 2007; Van Lancker, Kreiman, & Emmorey, 1985) or to
assess the quality of potential sexual mates and formidability of potential rivals (Feinberg,
2008; Maynard Smith & Harper, 2003). However, although the voice can provide reliable
and socially relevant information about the vocalizer, this does not necessarily imply that

listeners can and will accurately interpret this information.
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In this thesis, I examine vocal indicators of size in humans. I test whether various
vocal features reliably correlate with body size in men and women (Chapters 2 and 3) and
whether listeners can effectively assess size from the voice (Chapters 3 and 4). The aim of
this work is to determine the role that acoustic communication plays in advertising and

assessing body size among humans.

Body Size

Body size can have an immense impact on the biology, ecology, and life history of
an animal (Peters, 1986). At the behavioural level, body size can explain a good deal of
the variation in social and reproductive success among individuals (Andersson, 1994). In
most mammals, males are larger than females (Weckerly, 1998) and sexual selection is
thought to play a significant role in size dimorphism (Darwin, 1871; but see Fairbairn,
Blanckenhorn, & Székely, 2007 for a review of other contributing factors). Relatively
larger males are more likely to win resource contests with other males, thus gaining
access to higher-quality territories, and are often preferred as mates by females (Bisazza

& Marconato, 1988; Cooper & Vitt, 1993; Lindenfors, Gittleman, & Jones, 2007).

Men are taller than women across cultures (Holden & Mace, 1999), although the
sexual dimorphism in human body size is smaller than in other great apes (Leigh & Shea,
1995). In North America and Europe, taller men have a higher level of education and earn
more money (Judge & Cable, 2004; Peck & Vagero, 1987; Szklarska, Koziel, Bielicki, &
Malina, 2007; Teasdale, Owen, & Serensen, 1991), are preferred as mates and have more

attractive girlfriends (Feingold, 1982; Yancey & Emerson, 2014), and bear more children
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than do shorter men (Nettle, 2001; Pawlowski, Dunbar, & Lipowicz, 2000). It should be
noted, however, that there is variation in the strength and direction of these relationships

across cultures (see, e.g., Lee, 1979).

Women generally prefer above-average height in men and prefer that their male
mate be taller relative to their own height (Fink, Neave, Brewer, & Pawlowski, 2007;
Kurzban & Weeden, 2005; Pawlowski & Koziel, 2002; Swami et al., 2008). However,
there is cross-cultural variation in height preferences. Women of the Hadza, Himba, and
Datoga tribes living in various regions of Africa show less extreme preferences for male
tallness compared to women in North American and Europe (Marlowe, 2004; Sorokowski
& Butovskaya, 2012; Sorokowski, Sorokowska, Fink, & Mberira, 2012). The
relationships between women’s body size and women’s social or reproductive success are
less clear than they are for men (Monden & Smits, 2008; Sear, 2011). In general,
however, it appears that men prefer women of average or below-average height

(Pawlowski & Koziel, 2002; Salska et al., 2008; Yancey & Emerson, 2014).

In addition to influencing socioeconomic status, mate preferences, and
reproductive success, body size may have a direct impact on health and fertility. For
example, shorter individuals may be more likely to die of coronary heart disease, stroke,
and respiratory disease than taller individuals (Smith et al., 2000). Among women, very
low or very high amounts of body fat may lead to difficulty in conceiving (Zaadstra et al.,

1993). Trade-offs between investment in somatic growth versus reproduction may also
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influence the relationship between size and health or fertility, particularly among women

and in regions where resources are scarce (Stearns, 1976).

Advertising and Assessing Body Size

Given the overarching role of body size in predicting dominance and social
success and its influence on the outcome of resource contests and mate choice,
particularly among men (see Puts, 2010 for review), it may be advantageous in some
contexts to advertise or even exaggerate one’s own size (Dawkins & Krebs, 1978; Fitch &
Hauser, 2003). It is also likely to be advantageous to accurately judge the size of others.
Although the advertisement of body size often takes the form of visual displays, such as
lateral body positioning in cichlid fish (Carleton, Spady, & Kocher, 2005; Reddon et al.,
2011) or feather decorations in many bird species (Hasson, 1991), vocalizations are
likewise used by a wide range of species to indicate (or exaggerate) one’s size and to
judge the size of others (e.g., koalas: Charlton et al., 2011; red deer: Fitch & Reby, 2001;
Reby & McComb, 2003; birds: Fitch, 1999; colobus monkeys: Harris, Fitch, Goldstein, &
Fashing, 2006; frogs and toads: Ryan, 1988; elephant seals: Sanvito, Galimberti, &
Miller, 2007; macaques: Sommers, Moody, Prosen, & Stebbins, 1992; dogs: Taylor,
Reby, & McComb, 2010). Vocalizations may be used in conjunction with visual cues to
enhance size discrimination (Bro-Jergensen, 2010) or in place of visual cues when visual

information fails (e.g., at longer distances).

In humans there are two key acoustic parameters that may indicate body size,

fundamental frequency and formant frequencies, described in detail below.
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Mechanisms of Vocal Production
Source-Filter Framework

Like most terrestrial mammals®, human speech is produced by the larynx (the
source) and subsequently filtered by the supralaryngeal vocal tract (the filter; Fant, 1960;
Taylor & Reby, 2010). Together this source-filter system determines the acoustic

properties of many animal vocalizations, including voiced human speech.

When humans phonate, air expelled from the lungs causes oscillation of the vocal
folds within the larynx (see Figure 1 for a diagram of the vocal production apparatus in
humans). Longer and heavier vocal folds vibrate at a slower rate than do smaller vocal
folds. It is this base rate of vocal fold vibration that determines the fundamental frequency
(Fo) of the voice, or the glottal-pulse rate, wherein slower vibrations result in a lower
fundamental frequency. Harmonic overtones occur at multiple integers of the fundamental
frequency such that a lower fundamental frequency results in more densely spaced
harmonics. Fundamental frequency and harmonics are perceived as voice pitch (Kreiman

& Sidtis, 2011; Titze, 1994).

* Vocal anatomy and mechanisms of speech production are broadly similar in humans and other mammals
allowing for meaningful comparisons (see Ghazanfar & Rendall, 2008; Owren, 2012; Taylor & Reby, 2010
for reviews).
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In this thesis, I will use the term fundamental frequency when referring to the

measured property of the voice, and pitch when referring the perception of that property’.

nasal cavity ﬂ\

oral cavity —§z )

supralaryngeal
oharylt m vocal-tract
vocal folds )J?\' ( larynx

esophagus

lungs

Figure 1. A diagram of the human vocal production apparatus.

’ Fundamental frequency (F) is the lowest frequency of the periodic waveform measured from the vocal
signal, representing the base rate of vocal fold vibration (glottal-pulse rate). Pitch typically refers to the
perpetual correlate of fundamental frequency and/or corresponding harmonics. The relationship between
fundamental frequency and pitch is logarithmic. However, in the range of frequencies that characterize the
human voice, fundamental frequency and pitch are roughly equivalent.

[o¢)
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From the larynx, the sound travels up through the pharynx and oral and nasal
cavities that together comprise the supralaryngeal vocal tract (henceforth vocal tract, see
Figure 1), where vocal sounds are filtered. This filtering process, in which certain
frequencies are attenuated while others are not, is determined largely by the size and
shape of the vocal tract. Thus, the vocal tract acts as a bandpass speech filter producing
resonant frequencies referred to as formants (Fant, 1960; Titze, 1994). Formants are
generally perceived as the timbre or quality of the voice whereby longer vocal tracts
produce lower formants. Manipulations of the tongue, lips, and soft palate can alter which
formant frequencies become attenuated and these modifications give rise to different
vowel sounds in speech (Lieberman, 1988). This point is illustrated in Figure 2.
Spectrograms show a different pattern of formant dispersion for each of the five vowel
sounds /a/ /i/ /e/ /o/ and /u/. Note that, for example, /a/ is characterized by closely spaced
first and second formants whereas /i/ is characterized by widely spaced first and second
formants. Although men’s formants are on average lower than are women’s (Titze, 1989),

the differences in formant spacing among vowel sounds are similar in both sexes.
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Figure 2. Spectrograms of the vowels /a/ /i/ /e/ /o/ and /u/ (international phonetic symbols) spoken

by an adult male (top row) and an adult female (bottom row).

Note. The first to fourth formants (#1-F4), fundamental frequency (F,) and harmonics of the
fundamental frequency (Harm.) are labeled for the vowel /u/. Formant positions are labeled for
each individual vowel with bars positioned to the left of each spectrogram. Note the variation in

formant spacing between the male and female voices and among vowels.

Based on the source-filter model of speech production, fundamental and formant
frequencies are largely independent (Fant, 1960). Individuals may have any combination
of high or low voice pitch paired with high or low formants. However, some studies

demonstrate that fundamental and formant frequencies interact to some degree (Kewley-
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Port, Li, Zheng, & Neel, 1996; Titze, 2008; Turner, Walters, Monaghan, & Patterson,

2009), affecting vocal production in complex ways that are not yet fully understood.

Hormonal Effects on the Voice

Among humans, vocal fold development and vocal tract length are affected by sex
hormones during puberty and in adulthood. The vocal folds contain androgen receptors
(Saez & Sakai, 1976). During puberty, an increase in testosterone among males causes the
vocal folds to lengthen and widen and causes a corresponding decrease in voice pitch
(Harries, Hawkins, Hacking, & Hughes, 1998; Lieberman, McCarthy, Hiiemae, &
Palmer, 2001). In females, the vocal folds thicken only slightly at puberty, and the
resulting effect on voice pitch is small relative to males (Abitbol et al., 1999).
Testosterone is inversely related to pitch between sexes, and likely also within sexes, in
adults (Dabbs & Mallinger, 1999; Evans, Neave, Wakelin, & Hamilton, 2008). Hence,
injecting a woman with testosterone will cause a marked decrease in her voice pitch that
is largely irreversible, and pre-pubertal castration (e.g., among castrati singers in the 15
century) will cause the male voice to maintain feminine pitch qualities into adulthood

(Abitbol et al., 1999).

Testosterone also causes the male larynx to descend slightly during puberty. This
secondary decent of the larynx elongates the male vocal tract relative to the female vocal
tract (Lieberman et al., 2001). To date, however, only one study has found a relationship
between higher testosterone levels and lower formants in men (Bruckert et al., 2006). It is

not clear how hormones affect the relationships between vocal features and body size.

11
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Vocal Correlates of Body Size

For many years researchers have speculated that fundamental frequency (Darwin,
1871; Morton, 1977; Ohala, 1984) and more recently formant frequencies (Fitch, 1994)
may serve as indicators of body size (i.e., may exhibit acoustic allometry). However,
researchers have also long debated the degree to which one or the other voice feature can

reliably predict size.

According to one prominent theory (Fitch, 1994, 1997, 2000a, 2000b), formant
frequencies are hypothesized to predict body size more reliable than fundamental
frequency in many animals including humans. The crux of this argument lies in
differential anatomical constraints on vocal fold and vocal tract development. In a
simplified model, the vocal tract of most vertebrate species can be described as an air-
filled tube closed at the laryngeal end and open at the mouth end (Fitch, 1994). Resonant
frequencies or formants are heavily constrained by the bony anatomy of the vocal tract
and the length of the vocal tract is in turn constrained by the size of the skull (Fitch,
2000b). As a consequence, taller or larger individuals are predicted to have longer vocal
tracts than shorter or smaller individuals (Fitch & Giedd, 1999), and thus taller

individuals are predicted to produce lower formants.

In contrast to the vocal tract, the larynx and vocal folds that produce fundamental
frequency are made up of soft tissue and are relatively more versatile. The larynx grows
largely independently of the skull and body (Lieberman et al., 2001). Thus, taller or larger

individuals may not always have larger larynges and longer vocal folds than shorter or

12
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smaller individuals, and may not produce a relatively lower fundamental frequency.
Additionally, some researchers have proposed that it may be easier to manipulate ones
fundamental frequency than ones formant frequencies in order to minimize or exaggerate
perceived body size in various social contexts (Fitch, 2000a; Morton, 1977), further

dissociating pitch from physical size.

Below I describe theoretical and empirical work investigating the relative roles of
fundamental and formants frequencies in indicating body size (1) across different species;

(2) between men and women or adults and children; and (3) among same-sex adults.

Comparing Across Species

Vocal tract length correlates positively with body size across mammalian species
where the differences in size are often substantial (Fitch & Hauser, 2003). For instance,
the estimated vocal tract length of the harbour seal Phoca vitulina (adults weighing
anywhere from 50-170 kg) is several times longer than that of the white-handed gibbon
Hylobates lar (4-8 kg; Fitch, 2000b). Thus, lower formant frequencies often predict larger
body size at the species level. Among primates, for instance, great apes have lower
formants than do smaller primate species such as marmosets (Ey, Pfefferle, & Fischer,
2007; Hauser, 1993). It is also the case that larger mammals (August & Anderson, 1987),
including larger primates within the family of primates (Ey et al., 2007; Hauser, 1993),
have relatively lower fundamental frequencies. However, to my knowledge, no study has

tested whether vocal fold length or mass predict body size across species.

13
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Comparing Between Sexes and Age Groups

In many animals, vocal fold thickness and vocal tract length covary with body size
between the sexes and between adults and juveniles of the same species, where once again

the differences in size are often substantial (see Ey et al., 2007 for review on primates).

Cadaver dissections of humans indicate that men have larynges approximately
20% longer and wider and vocal folds approximately 60% longer than do women, and
both men and women have longer vocal folds than do children (Kahane, 1978). Fitch and
Giedd (1999), using magnetic resonance imaging to measure the length of the
supralaryngeal vocal tract (i.e., from the vocal folds to the lips, see Figure 1), also report
significant differences in vocal tract lengths across age-sex groups. The authors report that
vocal tract length increased from an average of 10 cm among infants aged two to four to
approximately 15 cm among adults aged nineteen to twenty-five. Vocal tract length
diverged significantly between the sexes after age fifteen (around the time of puberty and
probably due to a secondary descent of the male larynx, Lieberman et al., 2001), resulting

in a vocal tract 1-2 cm longer among adult men than women.

Corresponding to these anatomical differences, fundamental and formant
frequencies often covary with size across age-sex groups (Ey et al., 2007). Men’s
fundamental frequency (on average 120 Hz) is approximately half that of women’s (on
average 210 Hz, see Figure 2) and both are considerably lower than that of pre-pubescent
children and adolescents (250-500 Hz). Men’s formant frequencies are approximately

15% lower than those of women (Figure 2) and both men and women have considerably

14
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lower formants than do children (Bachorowski & Owren, 1999; Hillenbrand, Getty,
Clark, & Wheeler, 1995; Huber et al., 1999; Peterson & Barney, 1952; Pisanski &

Rendall, 2011; Rendall, Kollias, Ney, & Lloyd, 2005; Titze, 1989).

It should be noted that not all of the variation in fundamental and formant
frequencies between men and women or across the lifecycle is tied directly to body size.
This is especially true for fundamental frequency. Although men’s fundamental frequency
is on average 100% lower than that of women’s, men’s vocal fold length exceeds
women’s by only 60% (Titze, 1989). Therefore, the morphology of the vocal folds can
explain only a portion of the sexual dimorphism in human voice pitch. Men’s formants
are approximately 15% lower than those of women (Pisanski & Rendall, 2011; Titze,
1989). Although the sex difference in formants scales fairly reliably with the sex
difference in vocal tract length (Fitch & Giedd, 1999; Rendall et al., 2005), it still exceeds
the mere 10% difference in men’s and women’s heights. Sex hormone levels can likely
explain most of the variation in fundamental and formants frequencies that cannot be
explained by size (Abitbol et al., 1999; Bryant & Haselton, 2009; Dabbs & Mallinger,

1999; Harries et al., 1998).

Comparing Within Same-Sex Adults.

The anatomical and structural differences in men’s and women’s vocal production,
along with strong preferences for sexually dimorphic vocal features in the opposite sex
(see Feinberg, 2008; Pisanski & Feinberg, 2013 for reviews), suggest that the human

voice has undergone sexual selection. This is also the case for physical body size, which
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is sexually dimorphic and predicts fitness (see section on Body Size). If the human voice
and body size have been shaped by sexual selection, vocal characteristics may covary
with body size in groups of same-sex adults, particularly because this is the level at which
potential mates and rivals are typically assessed. We might further predict relationships
between the voice and body to be stronger among men than women, because body size

may play an important role in male-male competition.

Research on various species suggests, however, that fundamental and formant
frequencies are generally only weakly related to vocal anatomy and body size in same-sex
adults (Fitch & Hauser, 2003). Additionally, in a wide range of mammalian species whose
vocal production mechanisms follow the source-filter model, lower formants predict
larger physical size in same-sex adults whereas lower fundamental frequency does not
(Charlton et al., 2011; Fitch, 1997; Harris et al., 2006; Reby & McComb, 2003; Sanvito et

al., 2007; Vannoni & McElligott, 2008).

Among humans, past work has produced mixed results. Anatomically, there is no
strong evidence of a relationship between vocal fold size and body size within sexes
(Sawashima et al., 1983). No study has tested whether vocal tract length correlates with
size within sexes (but see Fitch & Giedd, 1999). Acoustically, studies have found support
both for and against relationships between fundamental or formant frequencies and height
or weight in men and women (see Gonzalez, 2006 for review; see also Tables A1 and A2
in Appendix 2 for a comprehensive summary of past results). Taken together, it remains

unclear from past work whether the voice can reliably predict variation in human body
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size, and whether formants are a more reliable indicator of human size than is

fundamental frequency. This research question is addressed in Chapter 2.

Voice-Based Estimates of Body Size

Intimately tied to the question of acoustic allometry is the question of whether and
how listeners process vocal information in relation to size. It is often advantageous for
individuals to accurately assess the body size of others, and likewise costly to err. This is
particularly true in the context of male-male competition and mate-choice in which size

discrimination takes place at the within-sex level.

Although vocalizations may aid listeners in accurately judging the size of the
vocalizer, vocalizations may likewise confuse size assessment. Consider, for example, the
possibility of only a weak relationship between vocal structure and physical size
(Gonzalez, 2006) or the possibility that vocalizers may manipulate various features of the
voice to sound smaller or larger than they actually are (Morton, 1977). Perceptual biases

may also contribute to erroneous size discrimination (Rendall, Vokey, & Nemeth, 2007).

There are many examples of reliable acoustic communication of body size in the
animal kingdom. A classic example is roaring contests in red deer stags, Cervus elaphus.
Roaring contests occur frequently during the mating season and largely determine the
dominance rank and reproductive success of males (Clutton-Brock & Albon, 1979). An
extensive research program investigating vocal indicators of size in red deer has revealed
that lower formants, but not lower fundamental frequency, reliably predict larger male

body size (Reby & McComb, 2003), that males use formants to assess the formidability of
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rivals in roaring contests (Reby et al., 2005), that females can perceive format shifts in
male roars (Charlton, Reby, & McComb, 2007), and that females prefer the roars of males
that are manipulated to have lower than higher formants, simulating larger size, regardless
of the fundamental frequency of the roar (Charlton, Reby, & McComb, 2008). In fact,
many animals including primates appear to be sensitive to variation in formants indicating
size in the calls produced by conspecifics (Charlton, Whisson, & Reby, 2013b; Fitch &

Fritz, 2006; Sommers et al., 1992).

Past studies on humans have examined the accuracy of listeners’ body size
estimates from the voice as well as the vocal parameters that listeners use to estimate size.
Findings from both lines of research are reviewed below. It should be noted for future
reference, however, that surprisingly few studies have combined these two lines of

research to test how various vocal parameters affect the accuracy of body size estimation.

Accuracy of Size Estimates from the Voice

Several studies have presented listeners with natural, unmanipulated voices of
men and/or women and have tested whether listeners’ size estimates reliably correlate
with the actual (measured or reported) height or weight of the vocalizer. Early work by
Lass and colleagues suggested that listeners were highly accurate in their assessments of
both men and women'’s body size (Lass, Barry, Reed, Walsh, & Amuso, 1979; Lass,
Hughes, Bowyer, Waters, & Bourne, 1976; Lass, Kelley, Cunningham, & Sheridan,
1980). However, the statistical methods employed in this work were later revealed to be

inappropriate (Cohen, Crystal, House, & Neuburg, 1980). When the data were reanalyzed,
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only 14% of size estimates correlated with actual height or weight (Gonzélez, 2003,

2006).

More recent work suggests that listeners are capable of assessing body size from
the voice, but that performance is modest and variable. When listeners were asked to
report the absolute height or weight of a vocalizer (e.g., in kg and cm), van Dommelen
and Moxness (1995) found that estimated height predicted actual height only for men’s
and not for women’s voices, and that men were more accurate than were women at
assessing men’s size. Collins (2000) and Bruckert et al. (2006) found that women were
able to estimate men’s weight but not men’s height, however, men’s actual weight
explained only 22% (Collins, 2000) and 16% (Bruckert et al., 2006) of the variance in

women’s estimates.

Listeners appear to perform better and less variably in forced-choice tasks, where
they simply indicate which of two vocalizers is taller. On average, both men and women
can correctly identify the taller of two men on 60% of trials (Oliver & Gonzélez, 2004;
Rendall et al., 2007). Accuracy is comparable (Oliver & Gonzalez, 2004) or slightly
lower (Rendall et al., 2007) for assessments of women’s relative size. As might be
expected, accuracy increases with the relative difference in height between two
vocalizers, approaching 90% when the differences in height are substantial (e.g., over 20

cm, Rendall et al., 2007).
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Vocal Parameters Used to Estimate Size

Listeners routinely associate relatively low formants and/or relatively low pitch
with large body size both between and within sexes. This pattern of results has been
demonstrated using a variety of methods and vocal stimuli. For instance, these results
have been replicated using rating scales (Feinberg, Jones, Little, Burt, & Perrett, 2005;
Pisanski & Rendall, 2011; Sell et al., 2010), a two-alternative forced choice paradigm
(Rendall et al., 2007), or absolute size estimates (Bruckert et al., 2006; Collins, 2000);
using natural voices (Bruckert et al., 2006; Collins, 2000; Greisbach, 1999; Pisanski &
Rendall, 2011; Rendall et al., 2007; Sell et al., 2010; van Dommelen & Moxness, 1995),
voices with computer-manipulated frequencies (Feinberg et al., 2005; Pisanski, Mishra, &
Rendall, 2012; Pisanski & Rendall, 2011; Rendall et al., 2007), or synthetic voice-like
stimuli (Charlton, Taylor, & Reby, 2013a; Irino, Aoki, Kawahara, & Patterson, 2012;
Ives, Smith, & Patterson, 2005; Smith & Patterson, 2005); using voices with fundamental
and formant frequencies manipulated independently (Feinberg et al., 2005; Pisanski &
Rendall, 2011; Rendall et al., 2007) or in conjunction (Pisanski & Rendall, 2011; Smith &
Patterson, 2005); and using sets of voices with relatively subtle (Feinberg et al., 2005) to
unnaturally large (Smith, Patterson, & Turner, 2005) variation in fundamental or formant

frequencies.

A paradox: the perceptual association between pitch and size.

Formants are generally thought to predict physical size among same-sex adults.

Therefore the perceptual association between formants and size is not surprising. It is
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surprising, though, that listeners consistently associate low voice pitch with largeness at
the within-sex level, when no such relationship holds in the physical world (see Chapter
2). Multiple theories have been put forth to explain the persistence of a perceptual
relationship between pitch and size in the absence of a robust physical relationship,

several of which I test in Chapters 3 and 4. These theories are not mutually exclusive.

One possibility is that voice pitch, arguably the most salient feature of the human
voice, is associated with size simply because of its perceptual prominence. When pitch
and formants are manipulated in opposite directions in equally perceptual units (i.e., just-
noticeable differences), listeners prioritize formants over pitch in assessments of both size
and masculinity (Pisanski & Rendall, 2011). However, in natural speech, listeners may
prioritize pitch over formants if pitch is more perceptually salient than are formants
(Collins, 2000; Houde & Jordan, 1998; see also Phillips, Scovil, Carmichael, & Hall,
2007). Other researchers have suggested that listeners may overgeneralize sound-size
relationships from the levels at which they are reliable, such as between the sexes or
among inanimate objects (Grassi, 2005), to levels at which they are no longer reliable,

such as within sexes (Collins, 2000; Rendall et al., 2007).

Perhaps the most common explanation for pitch-size associations appeals to cross-
modal perceptual biases and is tied to the classic theoretical work of Morton (1977) and
Ohala (1984). Morton (1977) proposed that low-frequency sounds are used across the
animal kingdom to signal dominance and hostility, whereas high-frequency sounds

function to signal subordination and appeasement. As masculinity and large size are
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perceptually associated (Pisanski et al., 2012), pitch may be associated with size
indirectly through its association with masculinity or dominance (Pisanski et al., 2012;
Rendall et al., 2007). Similarly, Ohala (1984) proposed the existence of a universal
‘frequency code’ in human speech that links the perception of low frequency sounds to
large size across cultures (i.e., a form of sound symbolism, Hinton, Nichols, & Ohala,
1994). Indeed, some studies have revealed apparently non-random associations between
speech sounds and their meaning. For example, in the English language, men’s names are
more likely to contain ‘large’ sounding phonemes (such as ok and a/) than are women’s
names (Pitcher, Mesoudi, & McElligott, 2013; see also Hinton et al., 1994 for a
comprehensive review on sound symbolism). In many languages, pitch is also described
in spatial terms such as low and high or rising and falling (Eitan & Timmers, 2010),
although the perceptual relationship between pitch and space and its effect on size
perception has not been extensively studied. I explore the perceptual relationship among

pitch and spatial orientation in relation to size estimation in Chapter 4.

Does voice pitch confound accurate size assessment?

All of the above hypotheses that attempt to explain the paradoxical perceptual
association between low pitch and large size have one thing in common: they assume that
voice pitch is detrimental to size assessment. Hence, each hypothesis predicts that voice
pitch will lower the accuracy of body size estimates because fundamental frequency is not
reliably correlated with physical size within sexes. This prediction is absolutely central to

the paradox. Yet, to date, this prediction has not been adequately tested. Although past
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studies demonstrate that listeners associate low frequencies with large size, and that
listeners are generally poor judges of body size based on the voice, studies have not
established a causal link between the perception and accuracy of size judgments. In fact,
only one previous study investigated whether the accuracy of listeners’ size assessments
varied as a function of the fundamental and formant frequencies of the vocalizer* (Rendall

etal., 2007).

In that study, Rendall and colleagues (2007) tested how accurately listeners
estimated the relative height of men whose fundamental and/or formant frequencies were
varied. The results of the study showed that listeners were more accurate in assessing
relative height when men had the same fundamental frequency but the taller man had
relatively lower formants, than when the taller man had relatively lower formants but
higher fundamental frequency relative to the shorter man. From this, Rendall et al.
concluded that voice pitch confounds the accuracy of listeners’ body size assessments.

However, I argue that this conclusion is not supported by their data.

Although Rendall et al. (2007) examined how relative size assessment accuracy
varied as a function of the fundamental or formant frequencies of men’s voices, the
researchers did not examine accuracy for pairs in which the taller man had relatively
lower fundamental frequency than the shorter man. More importantly, the researchers did

not directly test the hypothesis that voice pitch impairs accurate assessment of body size.

* Bruckert et al. (2006) and Collins (2000) examined whether women’s judgments of men’s height and
weight were predicted by men’s vocal parameters, but did so using principal components of vocal structure
that included variables other than fundamental and formant frequencies. Thus, the studies do not provide a
test of the relative roles of fundamental and formant frequencies on the accuracy of listeners’ size estimates.
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A direct test of this hypothesis would require a comparison between size judgments from
voices that contain pitch and voices that do not contain pitch, rather than comparisons
among stimuli with varying pitch. Using this proposed design, I present the results of a

direct test of the confounding pitch hypothesis in Chapter 3.

The Current Thesis

The main goal of this thesis is to examine acoustic communication of body size in
humans, both from the perspective of the vocalizer and from the perspective of the
listener. The thesis focuses on the relative roles of fundamental and formant frequencies
in communicating size. In Chapter 2, I establish relationships between fundamental and
formant frequencies and physical body size using large, cross-cultural samples of adult
men and women. In Chapter 3, I examine the effect of voice pitch and formants on
accurate estimation of men’s relative body size. In Chapter 4, I examine how perceptual
pitch biases interact with spatial information to affect body size perception. Taken
together, this series of experiments provides a detailed account of the reliability of various
vocal indicators of physical size, as well as the psychophysical, perceptual, and

sociocultural factors that may influence voice-based size estimation in humans.
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CHAPTER 2

VOCAL INDICATORS OF BODY SIZE IN MEN AND WOMEN: A META-ANALYSIS

Pisanski, K., Fraccaro, P.J., Tigue, C.C., O’Connor, J.J.M., Roder, S, Andrews, W.P,
Bernhard, F., DeBruine, L.M., Jones, B.C., & Feinberg, D.R. (2014). Vocal
indicators of body size in men and women: A meta-analysis. Animal Behaviour, 95,

89-99. Doi: 10.1016/j.anbehav.2014.06.011

Copyright © Animal Behaviour. Reprinted with Permission.

Preface

Past work has produced highly variable estimates of the relationship between
fundamental frequency and physical height or weight, and between formant frequencies
and height or weight, within same-sex groups of men or women (see Tables A1 and A2 in
Appendix 2 for relationships reported in past studies). In Chapter 2, I use meta-analytical
techniques to assess these relationships at the population-level. I also examine how
various demographic and methodological factors contribute to variation in voice-size

relationships reported by past studies.

This work provides an answer to the long-standing question of whether acoustic

allometry is present in humans when sex and age are controlled. Critically, the meta-
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analysis provides a reliable test of the hypothesis that formant frequencies may predict
body size more reliably than fundamental frequency in humans, akin to many other
mammals (Fitch, 1994, 1997, 2000a; Fitch & Giedd, 1999). The results of this work may
provide some insight into the selection pressures that have operated on the human voice
and how these selection pressures may differ between humans and other mammals (Fitch
& Hauser, 2003; Taylor & Reby, 2010), including other primates (Ey et al., 2007,

Ghazanfar & Rendall, 2008).
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Abstract

Animals often use acoustical cues, such as formant frequencies, to assess the size of
potential mates and rivals. Reliable vocal cues to size may be under sexual selection. In
most mammals and many other vertebrates, formants scale with vocal tract length
allometrically and predict variation in size more reliably than fundamental frequency or
pitch (Fp). In humans, however, it is unclear from previous work how well voice
parameters predict body size independently of age and sex. We conducted a meta-analysis
to establish the strength of various voice—size relationships in adult men and women. We
computed mean weighted correlations from 295 coefficients derived from 39 independent
samples across five continents, including several novel and large cross-cultural samples
from previously unpublished data. Where possible, we controlled for sample size, sample
sex, mean age, geographical location, study year, speech type and measurement method,
and ruled out publication bias. Eleven of 12 formant-based vocal tract length (VTL)
estimates predicted men’s and women’s heights and weights significantly better than did
Fy. Individual VTL estimates explained up to 10% of the variance in height and weight,
whereas F explained less than 2% and correlated only weakly with size within sexes.
Statistically reliable size estimates from F required large samples of at least 618 men and
2140 women, whereas formant-based size estimates required samples of at least 99 men
and 164 women. The strength of voice—size relationships varied by sample size, and in
some cases sex, but was largely unaffected by other demographic and methodological
variables. We confirm here that, analogous to many other vertebrates, formants provide

the most reliable vocal cue to size in humans. This finding has important implications for

27



Ph.D. Thesis — K. Pisanski; McMaster University — Psychology, Neuroscience & Behaviour

honest signalling theory and the capacity for human listeners to estimate size from the

voice.
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Introduction

Among most terrestrial mammals, including humans, the voice is produced by the
larynx and subsequently filtered by the supralaryngeal vocal tract (henceforth, vocal tract;
Titze, 1994). The vocal folds within the larynx vibrate to produce the fundamental
frequency (Fy) and corresponding harmonics that are perceived as voice pitch, whereas
formants are the resonant frequencies of the vocal tract. Because of relatively minimal
feedback of vocal tract energy on vocal fold vibration, the source-filter model of speech
production treats Fy and formants as anatomically and functionally independent (Fant,

1960; Titze, 1994).

Source-filter theory was originally developed by speech scientists (Fant, 1960;
Singh, & Singh, 1976; Titze, 1994), but has since been applied to the study of nonhuman
vocalizations (see, e.g., Fitch & Hauser, 1995, 2003; Ohala, 1983; Owren & Bernacki,
1998; Owren, Seyfarth, & Cheney, 1997; Rendall, Owren, & Rodman, 1998; Sommers,
Moody, Prosen, & Stebbins, 1992; Taylor & Reby, 2010). Research has confirmed that F
and formants are decoupled in most vertebrates by showing that changes in F and
formants do not covary in heliox, a mixture of helium and oxygen that transmits sound
twice as fast as does air. In a coupled vocal system, heliox causes both F and formants to
shift upward, whereas in a decoupled system, only formants shift upward due to a
shortened transit time of sound waves traveling up the vocal tract (Hess et al., 2006).
Decoupling has been demonstrated in several species of birds, anurans, bats and many

mammalian species including humans (see Fitch & Hauser, 2003).
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Fundamental and formant frequencies can provide reliable affective and inferential
information (e.g., Morton, 1977; Rendall et al., 1998) as well as reliable cues to sex and
age. In humans, for instance, both F, and formants are typically lower among men than
women (Titze, 1989) and lower among adults than prepubescent children (Hillenbrand,
Getty, Clark, & Wheeler, 1995; Peterson & Barney, 1952). At puberty, testosterone
thickens and lengthens boys’ vocal folds, causing Fj to drop (Harries, Hawkins, Hacking,
& Hughes, 1998), and directly affects F throughout adulthood (Abitbol, Abitbol, &
Abitbol, 1999; Dabbs & Mallinger, 1999; Damrose, 2009). Testosterone may also
contribute to the sexual dimorphism in formant frequencies between men and women

(Bruckert, Liénard, Lacroix, Kreutzer, & Leboucher, 2006).

In addition to indicating sex and age, F and formants are the two key acoustic
parameters that have traditionally been investigated as potential vocal indicators of body
size in humans and in mammals more generally (for reviews see: Gonzalez, 2006; Taylor
& Reby, 2010). Here, work on formant production in animals, particularly nonhuman
animals, has produced a number of novel and testable hypotheses. Of particular interest to
the present study, Fitch (1994, 1997, 2000) proposed that formants could reliably indicate
body size in most vertebrates because the vocal tract is constrained by skeletal structures
related to body size, which in turn imposes a constraint on resonances of the vocal tract
(i.e., formants). Longer vocal tracts are predicted to produce lower and more closely
spaced formants. However, because thicker and longer vocal folds vibrate at lower
frequencies, it is also possible that, in some species, larger individuals with larger

larynges may produce lower Fj than smaller individuals (Fitch & Hauser, 2003; Morton,
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1977; Titze, 1994). Moreover, because Fj and formants are typically decoupled in
vertebrates, larger individuals with correspondingly longer vocal tracts may produce
lower formants regardless of F, and vice versa (Fitch, 2000; Fitch & Giedd, 1999; Fitch

& Hauser, 2003).

Since the first empirical study less than 20 years ago (Fitch, 1997), there has been
a surge of research testing the relative roles of F and formants as honest indicators of size
in a wide range of species. This research has generally confirmed that both F, and
formants independently predict variation in body size among individuals of different
species, breeds or clades (primates: Hauser, 1993; dogs: Riede & Fitch, 1999; Taylor,
Reby, & McComb, 2008; anurans: Gingras, Boeckle, Herbst, & Fitch, 2013; for reviews
see: Ey, Pfefferle, & Fischer, 2006; Fitch & Hauser, 2003; Taylor & Reby, 2010) and
between males and females of the same species (e.g., in humans and nonhuman primates:
Fitch & Giedd, 1999; Gonzalez, 2006; Rendall, Kollias, Ney, & Lloyd, 2005; Pfefferle &

Fischer, 2006).

Studies of a number of mammalian species have found, however, that formants are
a better predictor of size within sexes than is F. This pattern of results has been observed
in studies of rthesus macaques, Macaca mulatta (Fitch, 1997), Japanese macaques,
Macaca fuscata (Masataka, 1994), colobus monkeys, Colobus satanas (Harris, Fitch,
Goldstein, & Fashing, 20006), red deer, Cervus elaphus (Reby & McComb, 2003), fallow
deer, Dama dama (Vannoni & McElligott, 2008), koalas, Phascolarctos cinereus

(Charlton et al., 2011), elephant seals, Mirounga leonina (Sanvito, Galimberti, & Miller,
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2007), and dogs, Canis familiaris (Riede & Fitch, 1999; see Plotsky, Rendall, Riede, &
Chase, 2013 for VTL-size relationships is dogs). It is of interest that both F, and formants
appear to predict the size of male but not female giant pandas, Ailuropoda melanoleuca
(Charlton, Zhihe, & Snyder, 2009), whereas F) is a better predictor of the size of female

hamadryas baboons, Papio hamadryas, than are formants (Pfefferle & Fischer, 2006).

It is unclear whether formants predict body size within sexes more reliably than
does Fy in humans. A large proportion of the variation in F and/or formants among
humans may be attributed to pubertal expression of sex hormones (Abitbol et al., 1999;
Harries et al., 1998) and to differences in body size among men, women and children
(Fitch & Giedd, 1999; Smith & Patterson, 2005; Turner, Walters, Monaghan, & Patterson,
2009). Thus, when investigating voice—size relationships within age—sex classes, it is not
clear from previous work whether any voice parameter reliably predicts variation in
human body size. At the within-sex level, adult body size showed no significant physical
relationship with F in more than 80% of correlations reported in published studies and no
significant relationship with formants in more than 50% of correlations reported in
published studies. The strength and direction of reported correlations ranges widely
(range of r for F| estimates of size = -.71 to +.30; range of r for formant estimates of size

=-.58 and +.32).

In addition to controlling for sex and age, a number of demographic and
methodological factors may contribute to the variation in reported relationships between

the voice and physical body size across studies. These factors may include the size and
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geographical location of the sample, the length and content of recorded speech materials,
or the equipment and techniques used to measure the voice and body size. Proper
adjustment of software settings when measuring vocal parameters, particularly formants,
as well as the physical properties of the vocal signal may also affect the strength of
reported voice—size relationships (Fitch & Fritz, 2006). Finally, the robustness of
formant—size relationships is further complicated by differences in the measures used to
relate formant structure to vocal tract length or body size across studies. Traditionally,
studies examined size in relation to individual formants (i.e., first to fourth formant, F1 to
F4: Gonzalez, 2004; Greisbach, 1999; Rendall et al., 2005). More recent work has utilized
amalgamated measures of formant structure including mean formant frequency (£#;
Pisanski & Rendall, 2011), geometric mean formant frequency (MFF; Smith & Patterson,
2005), formant dispersion (Dy; Fitch, 1997), formant position (P, Puts, Apicella, &
Cardenas, 2012), formant spacing (AF; Reby & McComb, 2003) and apparent vocal tract
length derived from mean formants (VTL(F,); adapted from Fitch, 1997) or from formant
spacing (VTL(AF); Reby & McComb, 2003; see equations A1-A7 in Appendix 1).
Moreover, a variation of the formant-pattern latent variable model uses confirmatory
factor analysis (CFA) to relate factor scores of formants to vocal tract length and height
within sexes (Turner et al., 2009). These formant-based measures will henceforth be
referred to as VTL (vocal tract length) estimates. It is unknown which of these 12 VTL

estimates most reliably predicts human body size.

The present study was designed to establish the strength of various relationships

between the voice and body size in men and women at the population level. Until now,
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the nature of these relationships in humans has been unclear and has been a source of
extensive and prolonged debate among researchers. We present the results of a meta-
analysis of 295 voice—size correlations derived from 39 human adult samples, including
several novel and large cross-cultural samples. The 39 samples derive from North and
South America, Europe, Asia and Africa. The goals of the meta-analysis were to (1)
determine the degree to which F and formants predict the height and weight of either sex,
(2) test the relative reliability of 12 VTL estimates in predicting size, (3) assess the effects
of age and a number of other demographic or methodological factors on the strength of
voice—size relationships, (4) determine the minimum sample sizes required in future
studies to obtain reliable estimates of size from the voice, (5) evaluate the effect of sample
size and evidence for publication bias in our sample and (6) compute population-level

averages of voice and body size parameters.

Human vocal cues may be under sexual selection (Puts, Jones, & DeBruine, 2012)
and may honestly indicate mate quality (Maynard Smith & Harper, 2003; Zahavi &
Zahavi, 1997). The present study presents the first comprehensive analysis to examine the
reliability of vocal cues to size in humans. This work will provide a base for cross-species
comparisons that may reveal the adaptive functions of acoustic communication in
mammals, and in particular, the relative roles of fundamental and formant frequencies in
signalling body size. Although vocal anatomy does not fossilize, it is similar across
mammalian species (Fitch & Hauser, 2003; Titze, 1994; Taylor & Reby, 2010). Thus
comparative methods may reveal general principles in voice production and perception

among mammals that may ultimately help to uncover the functions and evolutionary
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origins of mammalian vocalizations, including human speech (Ghazanfar & Rendall,

2008).

This meta-analysis will also complement and build on research investigating the
ability of human listeners to accurately gauge body size from the voice (Bruckert et al.,
2006; Collins, 2000; Pisanski et al., 2014; Rendall et al., 2007) or voice-like stimuli
(Charlton et al., 2013; Smith & Patterson, 2005). Perceptually, listeners associate low F
and/or low formants with large body size both between and within sexes (Charlton,
Taylor, & Reby, 2013; Feinberg, Jones, Little, Burt, & Perrett, 2005; Pisanski et al., 2014;
Pisanski, Mishra, & Rendall, 2012; Pisanski & Rendall, 2011; Rendall, Vokey, &
Nemeth, 2007; Smith & Patterson, 2005; van Dommelen & Moxness, 1995). If F or
formants do not reliably indicate physical size at the within-sex level, these perceptual
associations pose somewhat of a paradox (Pisanski et al., 2012, 2014; Pisanski & Rendall,

2011; Rendall et al., 2007).

Methods

Protocols were approved by the McMaster University Research Ethics Board and
adhere to the preferred reporting items for systematic reviews and meta-analyses

(PRISMA; Moher, Liberati, Tetzlaff, & Altman, 2009).

Literature Review and Study Exclusion Criteria

We performed a systematic online search using Web of Science (v 5.10,

December, 2012), identifying publications reporting direct relationships between voice
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and body size in human adults from the earliest available year (1976) onward. Search
terms included, ‘human’, ‘height’, ‘weight’, ‘mass’, ‘body size’, ‘voice/vocal’, ‘speak™®’,
‘fundamental’, ‘formant’, ‘frequency’ and ‘correlation*’. We then manually sought
additional sources, including those cited in the reference lists of the primary articles and

articles published before 1976.

Our search yielded 17 published studies and five unpublished data sets that
collectively rendered 319 F—size or formant—size correlations for same-sex adults.
Twenty-four correlations were excluded from the meta-analysis for one or more of the
following reasons: significance levels were given but correlation coefficients were not (n
= 10; note that correlations were included whether or not significance levels were given);
correlations were derived from combined factors based on principal component analyses
(n = 6) or multiple regression (n = 4); voice measures were not mean based (n = 10). We
list all published studies and reported correlations between Fy and body size in Table Al,
and between formants and size in Table A2 (see Appendix 2) including the 24
correlations excluded from the meta-analysis (indicated with an ‘x’; see also Fig. Al). In
all cases correlations are reported within, not between, sexes (Rendall et al., 2005). The
final meta-analysis included results obtained from 39 independent samples (k) of same-
sex adults for a total of 295 correlations. Of these, 67 correlations corresponded to
relationships between £ and body size (34 height; 33 weight) and 228 correlations
corresponded to relationships between various formant-based VTL estimates and body

size (122 height; 106 weight).
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Voice and Body Size Measures from New Samples

To increase the pooled sample size of the meta-analysis, we included correlations
derived from a new cross-cultural data set of 700 adults (k = 8 samples from Canada,
U.K. and Germany, N = 428 women, 262 men). We measured men’s and women’s
heights, weights, F and formants. Height (mean + standard deviation, SD: men:
179.34£7.16 cm; women: 166.37+£6.93 cm) was measured using metric tape affixed to the
wall, and weight (men: 74.96+12.44 kg; women: 63.28+10.77 kg) was measured using an

electronic scale.

All acoustic measurements were performed in Praat (Boersma & Weenink, 2013).
We measured mean Fy using Praat’s autocorrelation algorithm with a search range of 65—
300 Hz for men and 100—600 Hz for women. We measured F'1-F4 using Praat’s Burg
Linear Predictive Coding (LPC) algorithm with the maximum formant set to 5000 Hz for
men and 5500 Hz for women. Formants were first overlaid on a spectrogram and formant
number was manually adjusted until the best visual fit of predicted onto observed
formants was obtained. These techniques and settings are recommended by the Praat
manual (Boersma & Weenink, 2013; see also Styler, 2014) and have been used in many
studies examining relationships between formants and physical or perceived body size
(e.g., Evans, Neave, & Wakelin, 2006; Feinberg, Jones, Little, Burt, & Perrett, 2005;
Gonzalez, 2004; Greisbach, 1999; Pisanski, & Rendall, 2011; Rendall, Kollias, Ney, &

Lloyd, 2005; for technical details see also Owren & Bernacki, 1998). From the mean F1—
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F4 values, we computed Fn, MFF, Dy, Py, AF, VTL(F;), VTL(AF) and T (see equations

A1-A7 in Appendix 1). Additional details are provided in Appendix 2.

Statistical Analysis

Detailed methods of analysis of meta-data are described in Appendix 2 and all
equations are given in Appendix 1. Briefly, we computed a mean weighted correlation
coefficient, r (Hedges & Olkin, 1985; Lipsey & Wilson, 2001), between F and height or
weight and between 12 different VTL estimates and height or weight, for each sex
independently and collapsing across sample sex. This produced a total of 78 » measures.
We then performed a series of weighted least squares regressions (henceforth meta-
regressions) to assess the effects of various demographic and methodological variables on
the strength of reported correlations weighted by an index of sample size. Following this,
we created funnel plots for the two most frequently reported voice—size relationships with
the largest k, F—height and F4-height, to assess the influence of sample size and to
examine possible publication bias among the studies included in our meta-analysis
(Egger, Smith, Schneider, & Minder, 1997). We performed statistical power analyses to
determine the minimum sample sizes required in future work to reliably predict height
and weight from F|, or formants (where alpha = 0.05 and power = 0.90; Cohen, 1988).
Finally, we derived weighted mean voice and body size measures for each sex by pooling
values reported by previous work with those derived from our new samples, again

weighted by sample size.
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Results
Mean Weighted Voice—Size Correlations

Table 1 shows the mean weighted correlation (r ; Lipsey & Wilson, 2001)
between F and height or weight, and between each of 12 different formant-based VTL
estimates and height or weight, for samples of men and women separately and collapsing
across sample sex. Although some VTL estimates predicted men’s and women’s heights
and weights better than did others, all but one VTL estimate (F'1) predicted size within
sexes more reliably than did Fj. Ninety-three per cent (67 of 72) of the derived mean
weighted correlations between formants and body size reached statistical significant (p

<.05).
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Table 1. Mean weighted correlations (;) among voice and body size measures derived from the meta-analysis

Men Women All adults

; SE. 9%ClL p* K N . SE. 95%Cl p' K N , SE. 9%Cl p K N
Voice-height correlations
Fy -13 .03 -19,-07 <001 21 1119 -07 .04 -14,0 063 13 795 -10 .02 -15,-.06 <001 34 1914
F1 -13 .05 -23,-03 .01 8 395 -04 .04 -12,.04 .29 8 637 -.08 .03 -14,-02 015 16 1032
2 -22 .05 -31,-12 <001 8 395 -19 .04 -26,-11 <001 8 637 -20 .03 -25,-14 <001 16 1032
£3 -26 .05 -35,-17 <001 8 395 -22 .04 -29,-14 <001 8 637 -24 .03 -29,-18 <001 16 1032
F4 -30 .05 -39,-21 <001 8 395 -25 .04 -32,-18 <001 8 637 -27 .05 -36,-.17 <001 16 1032
Fn -31 .06 -42,-20 <001 4 262 -22 .04 -29,-14 <001 4 438 -25 .04 -32,-18 <001 8 700
MFF -28 .06 -39,-17 <001 4 262 -18 .05 -27,-08 <001 4 438 -22 .04 -29,-14 <001 8 700
Dy -18 .04 -26,-10 <001 9 603 -24 .05 -33,-15 <001 5 500 -21 .03 -27,-15 <001 14 1103
P -29 .05 -37,-21 <001 6 470 -21 .05 -30,-11 <001 4 438 -25 .03 -31,-.19 <001 10 908
AF -32 .06 -43,-21 <001 4 262 -22 .05 -31,-13 <001 4 438 -26 .04 -33,-19 <001 8 700
VTL(F) 24 .06 JA2,.35 <001 4 262 .17 .05 08,26 <001 4 438 20 .04 JA2,.27 <001 8 700
VTL(AF) .32 .06 20,.43 <001 4 262 23 .05 14,32 <001 4 438 26 .04 19,33 <001 8 700
CFA 30 .06 40,19 <001 1 262 -24 .06 -34,-13 <001 1 326 27° .04 34,19 <001 2 588
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Men Women All adults

; SE. 9%ClL p* K N . SE. 95%Cl p* K N , SE. 9%Cl p K N
Voice-weight correlations
Fy -03 .03 -09,.03 .30 21 1132 -14 .04 -21,-.07 <001 12 760 -07 .02 -12,-.03 .002 33 1892
F1 -15 .06 -26,-.04 .01 6 315 -08 .04 -.16,0 064 6 553 -11 .03 -17,-.04 002 12 868
F2 -09 .06 -20,.02 .12 6 315 -22 .04 -30,-.14 <001 6 553 -17 .03 -24,-11 <001 12 868
F3 -18 .06 -29,-07 002 6 315 -16 .04 -24,-07 <001 6 553 -17 .03 -23,-.10 <001 12 868
F4 -15 .06 -26,-.04 .01 6 315 -24 .04 -32,-.16 <001 6 553 -21 .03 -27,-.14 <001 12 868
Fn -22 .06 -33,-.09 <001 4 259 -23 .05 -32,-.14 <001 4 436 -22 .04 -29,-.15 <001 8 695
MFF -24 .06 -36,-.12 <001 4 259 -20 .05 -29,-.11 <001 4 436 -22 .04 -29,-.14 <001 8 695
Dy -10 .04 -18,-.02 016 9 600 -21 .05 -29,-.12 <001 5 498 -15 .03 -21,-.09 <001 14 1098
Py -25 .05 -33,-.16 <001 6 467 -22 .05 -31,-.13 <001 4 436 -23 .03 -30,-.17 <001 10 903
AF -22 .06 -34,-.10 <001 4 259 -21 .05 -3,-.12 <001 4 436 -22 .04 -29,-.14 <001 4 695
VTL(F,) .20 .06 07,31 002 4 259 .19 .05 .10,.28 <001 4 436 .19 .06 07,31 <001 & 695
VTL(AF) .22 .06 10,34 <001 4 259 25 .05 16,33 <001 4 436 24 .04 17,31 <001 4 695
CFA 23 .06 34,11 <001 1 254 -16 .06 -26,-05 <001 1 323 .19 .04 26,.11 <001 2 577
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Fy: fundamental frequency; F1—F4: first to fourth formant; Fn: average formant frequency; MFF: geometric mean formant frequency; Ds:
formant dispersion; Py formant position; AF: formant spacing; VTL(F,): apparent vocal tract length derived from mean formants;
VTL(AF): apparent vocal tract length derived from formant spacing; CFA: confirmatory factor analysis (factor scores). See Appendix 1

and Appendix 2 for methods used to derive VTL estimates Fn, MFF, Dy, Py, AF, VTL(F;), VTL(AF) and CFA factor scores (equations Al—
A7) and to compute meta-statistics 7', SE- and 95% confidence intervals, CI (equations A8—A20).

* Two-tailed p value, o= .05.
® k is the number of independent samples used to derive the mean weighted statistics.
¢ N is the pooled sample size for k samples, Y 7, 4.

¢ CFA factor scores correlated positively with height and weight for samples of men but negatively for samples of women due to

differential factor loadings. We therefore took the absolute value of correlations to derive the CFA r across sexes.
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Effects of Sex and Mean Age of Sample

We assessed whether sample sex or mean age affected the strength of various
voice—size relationships. For F—height relationships (k <34 samples), a model that
included main and interaction terms for sample sex (fixed factor) and mean age
(covariate, available for £ = 19) was nonsignificant (F3 ;5 = 0.48, p =.71) and revealed no
significant main or interaction effects (all 7' <0.06, all p >.80). The model remained
nonsignificant when we dropped the interaction term (sex-by-age: F» 16 = 0.76, p = .49) or
either main effect term (sex: £ 17 = 0.31, p = .58; age: F132 = 0.99, p = .33). Thus, neither
sample sex nor mean age significantly affected the strength of F—height relationships,
although we did observe a trend toward stronger F—height relationships in samples of
men than women (see Table 1). For Fp—weight relationships (k£ <33), a model that
included both main and interaction terms for sample sex and mean age (available for k =
18) approached significance (F314 = 2.65, p = .09, R* = 0.36) but revealed no significant
main or interaction effects (all £ <1.63, all p >.22). A model that contained only sample
sex as a fixed factor was significant (Fy 3 = 4.21, p = .049, R* = 0.12). Thus, sample sex
but not mean age affected the strength of Fy—weight relationships, where F predicted

women’s weight significantly better than men’s weight.

Additional analyses were performed to assess the effect of sample sex on
correlations reported for each of 12 VTL estimates (F1-F4, Fn, MFF, Dy, Py, AF,

VTL(F;), VTL(AF), CFA formant scores) and height or weight (k = 8—16). We did not
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examine the potential effect of mean age on formant—size relationships due to the small
number of samples for which age information was available. No model regressing sample
sex on formant-height (all ' <1.62, p >.22) or formant—weight relationships (all ' <2.05,
p >.18) reached statistical significance. Thus, sample sex did not affect the strength of

formant-height or formant—weight relationships for any of the 12 VTL estimates.

Effects of Other Demographic and Methodological Factors

In addition to sample size, sex and age, several other factors varied across the
samples included in our meta-analysis that may have influenced the strength of
correlations reported by past studies. Five key additional factors were study year (from
1972 to 2013), geographical location of sample (11 levels: Argentina; Bolivia; Canada;
England; Germany; Lebanon; Poland; Scotland; Spain; Tanzania; U.S.A.), type of speech
stimulus measured (six levels: one vowel; five vowels; word; sentence; paragraph; a
combination of these), acoustic hardware/software used for voice measurement and
analysis (seven levels: FFI Fy indicator, see Hollien & Harrington, 1977; Kay Elemetric
VISI Pitch, see Kay Elemetrics, 1996; MDVP Multi-Dimensional Voice Program, see Kay
Elemetrics, 1993 and Kent, Vorperian, & Duffy, 1999; Signalize, see Keller, 1993; Praat,
see Boersma, 2001 and Boersma & Weenink, 2013; custom software; not specified) and
the method of height or weight measurement (three levels: direct measure; self-report; not
specified). We assessed the effects of these five variables on Fy—height and Fp—weight

relationships only because there were too few samples (k = 4-16), and thus not enough
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variation in these factors, among studies examining formant-size relationships. There
were also too few studies to assess statistically the effect of the technique (e.g., software
parameters) used to measure formants (but see Discussion). Study year was included as a
covariate, and any other variable as a fixed factor, in independent regressions. Sample sex

was included as an additional fixed factor in regressions on F—weight relationships.

For Fy—height relationships (k <34), the effect of the method used to measure
height approached significance (Fa31 = 2.50, p = .098, R* = 0.14). Thus, although
measured and self-reported mean height for men or women differed by only 0.12 and 1.48
cm, respectively, Fy predicted height marginally better when height was measured using
metric tape (k =29, r = -.17) than self-report (k = 4, » = .01). There were no significant
effects of study year (F 3, = 1.58, p = .22), sample location (Fo23 = 1.21, p = .34),
speech stimulus (Fs23 = 0.99, p = .44), or voice measurement (Fi 29 = 1.25, p = .31). For
Fo—weight relationships (k <33), no model reached statistical significance (all ' <2.25, all
p >0.10), although an interaction between sample location and sample sex approached
significance (Fs 16 = 2.83, p = .051). There were no main or interaction (with sample sex)
effects of study year, speech stimulus, voice measurement, or method of weight

measurement (all F'<1.96, all p >.16).

Effect of Sample Size and Tests for Publication Bias

Figure 1 shows funnel plots for Fp—height and F4-height relationships (those with

the largest k) among samples of men and women. In all cases, the plots revealed greater
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variance in effect sizes (x-axis, representing the strength of voice—size correlations)
among smaller samples than among larger samples (y-axis). There were five outliers
among samples of men. One study, falling to the right of the upper confidence interval
(Kiinzel, 1989), reported a positive F—height correlation among samples of men that was
stronger than would be expected given the average (negative) effect size and the size of
the study’s sample. Two samples falling to the left of the lower confidence interval
(Graddol & Swann, 1983: Canadal) reported stronger than expected negative Fp—height
correlations among men (see Fig. 1c). Two samples reflected an unusually strong negative
(Rendall et al., 2005) or positive (UK2) F4—height correlation among men (see Fig. 1b).
However, because these outliers were distributed fairly symmetrically in each plot and/or
carried little weight, removing these outliers did not change our average weighted effect
sizes or confidence intervals (see Appendix 2). There were no outliers among samples of
women. Finally, the plot depicting F4—height relationships in men and women was
symmetrical; there were an equal number of data points falling to either side of the
average weighted effect size for each sex (Fig. 1b). However, the plots depicting Fo—
height relationships in men (Fig. 1¢) and women (Fig. 1d) revealed a slight skew to the

left.
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Figure 1. Funnel plots used to assess the effect of sample size and to detect publication bias in

reported relationships between (a) Fy and height in samples of either sex (k = 34 samples, ES.=-

0.10), (b) F4 and height in samples of either sex (k= 16; ES.= -0.27), or (c) Fy and height in

samples of men (k= 21; ES.= -0.13) and (d) F) and height in samples of women (k = 13; ES.=-

0.07).

Note. The unweighted standardized effect size of each reported relationship is plotted on the x-

axis (ES,; see equation A8) and the inverse of its standard error squared (an index of sample size)

is plotted on the y-axis. The solid centre line represents the average weighted standardized effect
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size across all studies (ﬁz ; see equation A10) and the dotted lines represent the lower and upper
95% confidence intervals corresponding to the y-axis. F—height effect sizes are plotted separately
for samples of men (c) and women (d) because of a sex difference in ES. values for this

relationship. See Appendix 2 for additional details.

These distributions of data provide no strong evidence of publication bias for any
reported voice—size relationships (Egger et al., 1997). Although relatively more studies
reported negative Fo—height relationships stronger than the average weighted effect size
(i.e., to the left of the average) than F,—height relationships closer to 0 (i.e., to the right of
the average), in both sexes this asymmetry was small. Moreover, removal of outliers or of
studies with the smallest samples had no effect. It is important to note that the funnel-like
distribution of the data in these plots indicates that sample size can account for the
majority of the variation in correlations reported by past studies, wherein studies with
larger samples (higher on the y-axis) typically show less variation in the strength of
reported correlations than do studies with smaller samples (Egger et al., 1997; see

Appendix 2 for additional details).

Minimum Required Sample Sizes for Future Work

Table A3 (Appendix 2) shows the comprehensive results of statistical power
analyses that establish the minimum sample sizes required for future work to reliably

predict height and weight from Fj or formant-based VTL estimates (given the r ’s that we
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obtained) with an alpha level of .05 and a conservative power level of .90 (Cohen, 1988).
To summarize, samples of at least 618 men and 2140 women are required to predict
height from mean F). Notably, the average sample sizes of past studies were 55 men and
39 women with no sample exceeding 176 men or 81 women (see Table Al). In contrast,
much smaller samples are required to confidently predict height or weight from formants.
For instance, height can be predicted with any one of the four strongest VTL estimates
(for men: AF, VTL(AF), F4, CFA; for women: F4, Ds, VTL(AF), CFA) using samples of

as few as 99—113 men or 164—195 women.

Our own pooled sample size was large enough that we can be statistically
confident in the mean weighted Fy—height correlation reported for men and in all
formant-height correlations reported for both sexes, but it was not large enough to
confidently predict the F—height relationship for women; for this we would require a
sample of at least 2140 women in a single study. See Table 1 for all pooled sample sizes

used in the calculation of mean weighted correlations (N).

Mean Weighted Voice and Body Size Measures

Table 2 shows population-level weighted means and standard deviations of Fy,
F1-F4, Fn, MFF, Dy, Ps, AF, VTL(AF), VTL(F,), height and weight for men and women.
These averages are based on pooled sample sizes of 78—1291 same-sex adults from a wide
range of geographical regions. Measured and self-reported height and weight differed by

0.12 cm and 1.88 kg, respectively, among men, and by 1.48 cm and 0.77 kg, respectively,
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among women.

Table 2. Population-level weighted means ( }) and standard deviations (SD) of voice and

body size measures for each sex

Men Women

Weighted X+ SD N Weighted X+sD M
Voice parameter
Fy(Hz) 119.25+16.54 1170 209.74 £19.53 610
F1 (Hz) 452.34+34.67 504 521.24 £51.59 472
F2 (Hz) 1477.03+82.05 504 1840.42+145.8 472
F3 (Hz) 2535.55+110.62 504 3012.57£175.4 472
F4 (Hz) 3462.34+153.35 504 4099.27+199.96 472
Fn (Hz) 2015.99+90.58 262 2293.55+107.03 438
MFF (Hz) 1589.07+69.85 262 1847.60+94.14 438
D; (Hz) 1065.84+55.47 520 1194.79+67.56 438
P: (Z(Hz)) - 0.69+0.34 262 0.30+0.39 438
AF (Hz) 1010.66+46.09 262 1187.16+66.29 438
VTL(F;) (cm) 18.75+1.57 470 15.61+0.88 438
VTL(AF) (cm) 17.35+0.79 262 14.78+0.84 438
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Men Women
Weighted X+ SD N Weighted X+sD M
Body size parameter
Height (cm)  Measured  178.06+6.79 919 165.96+6.87 664
Self-report 177.94+6.23 362 167.444£5.1 126
All° 178+6.58 1334 165.96+6.64 871
Weight (kg)  Measured  75.69+11.83 919 62.08+9.94 664
Self-report 73.134£9.92 362 60.7+8.3 78
All° 75.01+11.05 1291 61.47+9.48 823

Fy: fundamental frequency (voice pitch); F1-F4: first to fourth formant; Fn: mean formant
frequency; MFF: geometric mean formant frequency; Dy: formant dispersion; Py: formant position;
AF: formant spacing; VTL(F,): apparent vocal tract length derived from mean formants; VTL(AF):
apparent vocal tract length derived from formant spacing (see equations A1-A7). Voice and body
size measures are mean based.

* N is the pooled sample size for k samples, > n; 4.

® Gonzalez (2007) did not specify the method of body measurement; therefore, reported height

and weight from this study were included only in the ‘all’ category (52 men, 81 women).
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Discussion

Formants Predict Height and Weight Better Than Does Fundamental Frequency

Given considerable inconsistencies in prior reports, the goal of this work was to
establish population-level estimates of the strength of various voice—size relationships in
adult humans of each sex. The most commonly investigated and heavily debated vocal
correlate of human body size is pitch (i.e., fundamental frequency, Fj). Past estimates of
Fo—size relationship effect sizes within sexes have a broad range, from strongly negative,
to null, to strongly positive. The results of our meta-analysis resolve this debate. The
analysis revealed only weak or marginal negative relationships between Fand height or
weight within either sex. In fact, Fj accounted for less than 2% of the variance in height or
weight within sexes, whereas individual formant-based VTL estimates could explain

upwards of 10% of the variance in height or weight within sexes.

Ultimately these results are in line with the proposal that formants are more
constrained by anatomical structures related to body size and may therefore predict size
more reliably than does F\ in many mammals (Fitch, 1994, 1997, 2000; Fitch & Giedd,
1999; Fitch & Hauser, 2003). The length and dimensions of the mammalian vocal tract
(and resultant formants) are constrained by the bony skull and an individual’s height. This
has been confirmed by radiographic analysis in rhesus macaques (Fitch, 1997), dogs
(Plotsky et al., 2013) and humans (Fitch & Giedd, 1999). In contrast, the larynx is made

up of soft tissue and is positioned lower in the vocal tract (Lieberman, McCarthy,
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Hiiemae, & Palmer, 2001; Titze, 1994). Laryngeal size, movement and resultant F are
therefore proposed to vary largely independent of skull and body size (Fitch, 2000) and F
may even be modulated to disguise or exaggerate size (Fitch, 2000; Morton, 1977). The
strong influence of pubertal and circulating testosterone on Fjin human males may
further contribute to the discordance between men’s F and physical size (Dabbs &
Mallinger, 1999; Harries et al., 1998). In short, although F can reliably predict variation
in size between men and women or adults and children (Hillenbrand et al., 1995; Rendall
et al., 2005; Titze, 1989), we confirm here that F| is not a reliable predictor of height or

weight among same-sex human adults.

Our results parallel those reported for many other groups of mammals in which
physical size within sexes is predicted more reliably by formants than by Fj, including
several species of ungulates, pinnipeds, elephants, carnivores, marsupials and primates
(for reviews see: Ey et al., 2007; Fitch & Hauser, 2003; Taylor & Reby, 2010). These
cross-species commonalities in vocal cues to size have been linked to a common mode of
vocal production in mammals resulting from a two-stage source-filter process (Taylor &
Reby, 2010). However, there are some notable exceptions. Voice pitch appears to predict
size as reliably as or more reliably than do formants in male giant pandas (Charlton et al.,
2009) and female hamadryas baboons (Pfefferle & Fischer, 2006). Like humans (Fitch &
Giedd, 1999; Lieberman et al., 2001), some deer and gazelle species are known to have
descended larynges (Fitch & Reby, 2001; Frey et al., 2008; Frey, Volodin, Volodina,

Soldatova, & Juldaschev, 2011; McElligott, Birrer, & Vannoni, 2006). A descended
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larynx effectively elongates the vocal tract and lowers formants, and may have evolved
for deceptive size exaggeration (Fitch, 1999; Fitch & Reby, 2001). However, due to
physiological limits on vocal tract elongation (e.g., in red and fallow deer, the sternal
attachment of the sternothyroid muscle acts to constrain laryngeal descent; see Fitch &
Reby, 2001), formants may correlate with size even in species with descended larynges.
Indeed, this is true for red and fallow deer (Taylor & Reby, 2010) and the current Chapter
demonstrates that this is also true for humans. Further comparative work is needed to
identify the sensory, evolutionary and environmental factors that could have caused vocal
signalling systems to diverge in mammals. However, some of the reported cross-species
differences in vocal cues to size may be related to voice measurement, an issue that is

discussed in greater detail below.

We found that reliable F-based estimates of size require sample sizes 4—10 times
larger than do formant-based VTL estimates. This provides further support for the relative
robustness of formant cues to size. Because all previous work has fallen short of these
minimum sample sizes, this finding also highlights the necessity for future work to utilize
substantially larger samples in order to obtain statistically reliable predictions of body size

from the voice.

The Relative Reliability of 12 Different VTL Estimates of Body Size

Our meta-analysis included 12 different formant-based VTL estimates used in past

studies to estimate physical size in humans and other mammals (Bruckert et al., 2006;
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Charlton et al., 2009, 2011, 2013; Collins, 2000; Collins & Missing, 2003; Evans et al.,
2006; Ey et al., 2007; Feinberg et al., 2005; 2008; Fitch, 1997; 2000; Gingras et al., 2003;
Gonzalez 2006, 2007; Graddol & Swann, 1983; Hamdan et al., 2012; Harris et al., 2006;
Pfefferle, & Fischer, 2006; Pisanski & Rendall, 2011; Pisanski et al., 2014; Plotsky et al.,
2013; Puts, Apicella, & Cardenas, 2012; Reby & McComb, 2003; Rendall et al., 2005,
2007; Riede & Fitch, 1999; Sanvito et al., 2007; Sell et al., 2010; Smith & Patterson,
2005; Taylor et al., 2010; Turner et al., 2009; Vannoni & McElligott, 2008; Wyman et al.,
2012). In addition to the individual formants F1-F4, we sought to determine which of the
amalgamated measures, Fn, MFF, Dy, Py, AF, VTL(F;), VTL(AF), and factor scores from a
latent variable CFA model best predicted height and weight within sexes in humans.
These latter, more recent measures of formant structure may, arguably, be more reliable
predictors of VTL and size than are individual formants because they control for variation

across formants and within individuals (Greisbach, 1999).

We found that, among F'1—F4, the higher the individual formant the better it
predicted body size. This may be due to the role of /1 and F2 in speech perception,
wherein the relative positions of these lower formants shift more across speech sounds
than do the positions of higher formants. This suggests that higher formants may, as a
consequence, provide more consistent and reliable information about the dimensions of an
individual’s vocal tract (Greisbach, 1999; Peterson & Barney, 1952). Differences in the
predictive power of individual formants may also be tied to differences in how these

formants relate to various cavities of the vocal tract across development and in adulthood
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(Fant, 1960, p. 121; Fitch & Giedd, 1999; Turner et al., 2009).

Each of the formant-based VTL estimates predicted variation in body size to a
similar degree as did all other VTL estimates, barring F'1, which was a relatively poor
predictor of size. However, the relative predictive power of each VTL estimate varied to
some extent for height or weight and among samples of men or women. Thus, AF and
VTL(AF) best predicted men’s height, followed closely by Fn, F4 and CFA, whereas Ps
best predicted men’s weight, followed by MFF. Among women, F4 best predicted
women’s height, followed by Dy, CFA and VTL(AF), whereas VTL(AF) best predicted

women’s weight, followed by F4 and Fn.

Theoretical Implications for Vocal Size Communication in Humans

Our results suggest that the relationship between F and body size is likely too
weak to have strongly influenced the evolution and perceptions of sex differences in
human vocal features, particularly given that stable ancestral (and indeed modern-day)
social groups are predicted to have contained only 150-200 individuals (Dunbar, 1993;
Hamilton, Milne, Walker, Burger, & Brown, 2007). Similarly, with social groups this
small, humans may have difficulty estimating the relative size of potential mates or rivals
from vocal cues alone. Indeed, human listeners can correctly identify the taller of two
men from their voices only about 60% of the time (Gonzalez, 2006; Pisanski et al., 2014;
Rendall et al., 2007). The sexual dimorphism in human height and mass is small relative

to that of other great apes (Leigh & Shea, 1995; Lindenfors, Gittleman, & Jones, 2007).
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Sexual dimorphism in human size is also much smaller than the sexual dimorphism in

human F, (Rendall et al., 2005).

Taken together this evidence suggests that variation in human Fj, and to some
degree in formants, is not likely due to strong sexual selection on vocal indicators of
physical size (or at least not honest indicators of size). Likewise, listeners may not have
evolved to reliably assess body size from the voice. Instead, F\ and formants may more
reliably indicate related traits such as attractiveness, masculinity, dominance and threat
than physical size per se (reviewed in: Feinberg, 2008; Puts, Jones, & DeBruine, 2012),
and may covary with or contribute to the perception of these dimensions in both men and
women. This possibility is further supported by evidence that F (Dabbs & Mallinger,
1999; Evans, Neave, Wakelin, & Hamilton, 2008) and formants (Bruckert et al., 2006)

can predict circulating levels of testosterone in men.

It is important to note that multiple factors are likely to affect the degree to which
either F or formants correlate with physical size. We cannot, for instance, rule out the
possibility that relationships between voice and physical size are obscured by voice
modulation (see, e.g., Cartei, Cowles, & Reby, 2012; Fraccaro et al., 2013; Puts, Gaulin,
& Verdolini, 2006). Indeed, selection may have favoured individuals who were able to
exaggerate their size by manipulating F or formants (Fitch 1999, 2000; Fitch & Reby,
2001; Morton, 1977). Moreover, we cannot be certain whether relationships between

voice and physical size, or perception thereof, are a direct product of selection pressure on
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the vocal apparatus for the purpose of communicating size (Ey et al., 2007; Fitch, 2000),
or whether the evolution of vocal cues to body size is simply a by-product of allometric

scaling or perceptual bias.

In the absence of a strong physical relationship, the strong perceptual association
between F and size poses a paradox. This is particularly true in light of evidence that
listeners are generally poor at accurately estimating size from the voice (reviewed in
Pisanski et al., 2014; Pisanski & Rendall, 2011). Several hypotheses have been proposed
to resolve this paradox (see, e.g., Morton, 1977; Ohala, 1983; Rendall et al., 2007). Most
recently, studies have revealed that F can in fact facilitate the perception (Charlton et al.,
2013) and accurate estimation (Pisanski et al., 2014) of men’s body size. In part this is
because voices with relatively low Fj have more closely spaced harmonics than do voices
with higher F (Ryalls & Lieberman, 1982). As a result, lower-pitched voices provide a
denser carrier signal for formants from which to gauge size (see Pisanski et al., 2014, for
additional discussion). Further explanation for the discrepancy between physical and
perceived vocal cues relative to size in humans, and how exactly this discrepancy affects

accurate size estimation, is an important avenue for future work.

Demographic and Methodological Influences

Age did not affect the strength of Fy—size relationships in meta-regressions. This
is likely because the samples included in our meta-analysis largely if not entirely

comprised postpubertal and premenopausal adults (mean + SD age = 22.4+4.8; range 17—
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36). Although Fand formants gradually decrease with age across an individual’s lifetime
(Bruckert et al., 2006; Evans et al., 2006; Feinberg et al., 2005; Hillenbrand et al., 1995),
these voice changes are most pronounced during puberty (around age 13) and, for women,
during menopause (around age 50; Abitbol et al., 1999; Boulet & Oddens, 1996; Hollien,
Green, & Massey, 1994). Thus, body size and voice parameters are not predicted to
undergo substantial changes in the age range studied in our meta-analysis. Note, however,
that mean age data were available for only approximately 60% of the samples in our
meta-analysis and, for some meta-regressions (e.g., formants on height and weight), too

few to assess its effects reliably.

Sample sex did not significantly affect the strength of correlations between £ and
height or between formants and height or weight in our meta-analysis. However, F
predicted variation in weight substantially better among samples of women than among
samples of men. Low F| significantly predicted heavier body weight in women, but we
found no relationship between Fj and weight in men. Our results corroborate those of
Vukovic, Feinberg, DeBruine, Smith and Jones (2010), who reported a significant
negative correlation between women’s £ and factor scores derived from a principal
component analysis of women’s weight, body mass index, percentage body fat, waist and
hip circumference and waist-to-hip ratio. Considering the complex interplay among fat
distribution, sex hormones and the female voice (Abitbol et al., 1999; Evans, Hoffman,
Kalhhoff, & Kissebah; 1983; Friedman, 2011; Hughes, Dispenza, & Gallup, 2004; Singh,

1993), the relationship between Fj and women’s body weight or shape may reflect
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individual differences in women’s sex hormone levels rather than body size per se.

Relationships between Fj and height were marginally but not significantly
stronger in studies that measured height directly rather than through self-report. Other
methodological and demographic variation across samples included in the meta-analysis,
such as study year, country, speech stimulus and type of acoustic analysis, had no effect
on the strength of voice—size correlations. Thus, vocal cues to size appear to be cross-
culturally stable, but future studies should investigate the strength of these relationships in
other human populations. The strength of vocal estimates of size did not vary as a
function of the program used for acoustic analysis or whether the speech stimulus

measured was a vowel, word, sentence, paragraph, or any combination of these.

Techniques used to measure and analyse vocal parameters may account for some
portion of the variation in size estimates reported in past studies. This is particularly true
for formant analysis where improper techniques can cause errors in measurement (see,
e.g., Turner et al., 2009; Fitch & Fritz, 2006; but see Burris, Vorperian, Fourakis, Kent, &
Bolt, 2014). It is important to adjust acoustic software settings to the signal. For instance,
in analyses of human speech in Praat (Boersma & Weenink, 2013), F search ranges and
maximum formant settings should be set lower for men’s voices than for women’s and
children’s voices, and the number of formants selected in the ‘formant settings’ window
should be adjusted for best visual fit (see Methods). Dynamic range in Praat is set to 50

dB by default for formant tracking and should be adjusted depending on the signal-to-
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noise ratio of the signal. This changes the contrast in a spectrogram and can improve the
visbility of formants to the formant algorithm and human user. These and other
techniques for appropriate measurement and manipulation of a variety of vocal
parameters are given in Fitch and Fritz (2006), Owren (2008) and Owren and Bernacki
(1998), as well as in Praat manuals available online (Boersma & Weenink, 2013; Styler,

2014).

Variation in vocal measurement may also arise purely as a result of physical
differences among speech signals. For example, because men’s voices are characterized
by more densely spaced harmonics than are women’s and children’s voices (Hildebrand et
al., 1995; Titze, 1989), it is often easiest to measure formants from men’s voices.
Likewise, although the generalization of source-filter theory from human to nonhuman
vocal production has facilitated measurement and resynthesis of animal calls, many types
of animal vocalizations do not lend themselves to F and formant measurement. This is
true for chaotic vocalizations and those in which F is higher than F1 (Fitch & Fritz,
2006). Certain preconditions must be met when analysing animal calls using software,
such as Praat, designed for human speech analysis (see Owren & Bernacki, 1998). Taking
these many factors into consideration, employing standardized protocols for vocal

analysis and reporting software parameters is paramount.

Despite the appreciable variation in voice—size correlations reported across past

studies (see Tables Al and A2), we did not find evidence of strong systematic publication
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bias. Funnel plots demonstrated that the majority of the variation in past work can be
attributed to sample size, with substantially greater variation in voice—size relationships
reported by smaller studies. This, along with the results of our power analyses, again
highlights the necessity for future studies to use considerably larger sample sizes to relate

voice to body size reliably at the within-sex level in humans.

Conclusions

Following a long and ongoing history of disagreement among voice researchers
(Gonzalez, 2003, 2007; Graddol & Swann, 1983; Hollien & Jackson, 1973; Kiinzel, 1989;
Lass & Brown, 1978; Morton, 1977; Puts, Apicella, et al., 2012; Rendall et al., 2007),
fundamental frequency (F)) was found to correlate only weakly, if at all, with body size
within either sex of human adults. In contrast, almost all VTL estimates correlated
strongly with men’s and women’s heights and weights. Individually, four VTL estimates
proved to be particularly robust independent predictors of body size in same-sex samples
of as few as 99 men or 164 women. These were VTL(AF) and AF (Reby & McComb,
2003), Fn (Pisanski & Rendall, 2011) and P¢ (Puts, Apicella, et al., 2012). Currently we
are investigating the strength of relationships among additional features of the human
voice, such as minimum and maximum Fy, jitter, shimmer, harmonics-to-noise ratio and
additional indices of body size, including circumferences of the hips, waist and chest,

waist-to-hip ratio, chest-to-hip ratio and body mass index.

An integrated account of human vocal communication is imperative if we are to
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understand the selection pressures that have shaped the voice and language, and that
continue to shape the social communication and mating systems of humans (Feinberg,
2008; Fitch, 2000; Puts, Jones, et al., 2012). Research on voice production should be
merged with research on voice perception in order to understand how vocal signals have
been shaped by the complex interplay between sender and receiver (Dawkins & Krebs,
1978; Owren, Rendall, & Ryan, 2010; Zahavi & Zahavi, 1997). Similarly, because the
vocal production apparatus is similar across mammalian species (Fitch & Hauser, 2003;
Taylor & Reby, 2010; Titze, 1994), cross-species comparisons will be essential to
advance theory and research in animal bioacoustics and behavioural ecology. Indeed,
recent comparative work on mammalian acoustic communication guided by the source-
filter framework has generated several novel and testable hypotheses (Ey et al., 2007;
Fitch & Hauser, 2003; Gingras et al., 2013; Taylor & Reby, 2010). The present finding
that formants relate to size more reliably than does voice pitch in a number of mammalian
species, including our own, provides a strong base from which to make further predictions
about the mechanisms that drive or constrain voice production and perception in

mammals and that contribute to variation across species.
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CHAPTER 3

RETURN TO Oz: VOICE PITCH FACILITATES ASSESSMENTS OF MEN’S BODY SIZE
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Return to Oz: Voice pitch facilitates assessment of men’s body size. Journal of
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Preface

Having established that formants reliably predict variation in men’s and women’s
heights and weights, whereas fundamental frequency does not (see Chapter 2), in Chapter
3, I test the hypothesis that pitch (the acoustic correlate of fundamental frequency and/or
corresponding harmonics) confounds accurate size assessment (Gonzalez, 2006; Pisanski
et al., 2012; Rendall et al., 2007). To directly test this hypothesis, I examine whether
listeners are more accurate in relative assessments of men’s body size with voices that
contain pitch (regular, voiced modal speech), than voices of the same men that do not
contain pitch (whispered speech and synthesized three-formant sine-wave speech). As a

control, I confirm that the perceptual association between low formants and large size is
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unaffected by the absence of pitch from the voice. Finally, I test whether voice pitch has
an indirect, facilitating effect on the accuracy of listeners’ size assessments. This work
presents novel findings that help us to understand why the perceptual association between

pitch and size exists in the absence of a reliable physical relationship.
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Abstract

Listeners associate low voice pitch (fundamental frequency and/or harmonics) and
formants (vocal tract resonances) with large body size. Although formants reliably predict
size within sexes, pitch does not reliably predict size in groups of same-sex adults. Voice
pitch has therefore long been hypothesized to confound within-sex size assessment. Here
we performed a knockout test of this hypothesis using whispered and three-formant sine-
wave speech devoid of pitch. Listeners estimated the relative size of men with above-
chance accuracy from voiced, whispered, and sine-wave speech. Critically, although
men’s pitch and physical height were unrelated, the accuracy of listeners’ size
assessments increased in the presence rather than absence of pitch. Size assessments
based on relatively low pitch yielded particularly high accuracy (70-80%). Results of
Experiment 2 revealed that amplitude, noise, and signal degradation of unvoiced speech
could not explain this effect; listeners readily perceived formant shifts in manipulated
whispered speech. Rather, in Experiment 3, we show that the denser harmonic spectrum
provided by low pitch allowed for better resolution of formants, aiding formant-based size
assessment. These findings demonstrate that pitch does not confuse body size assessment
as has been previously suggested, but instead facilitates accurate size assessment by

providing a carrier signal for vocal tract resonances.

82



Ph.D. Thesis — K. Pisanski; McMaster University — Psychology, Neuroscience & Behaviour

Introduction

The irony of the so-called great and powerful Oz, a now infamous character
starring in the 1939 classic film the Wizard of Oz (Fleming, 1939), is that despite his low,
ominous voice, the Wizard was revealed to be a fairly small-bodied, entirely ordinary
man. Indeed, a number of empirical studies have revealed a consistent bias in listeners to
associate low-frequency voices with larger perceived body size both between and within
sexes (Feinberg, Jones, Little, Burt, & Perrett, 2005; Pisanski & Rendall, 2011; Rendall,
Vokey, & Nemeth, 2007; Smith & Patterson, 2005; van Dommelen & Moxness, 1995).
As noted by Rendall et al. (2007), the conundrum here is that, not unlike our perception of
the Wizard, these perceived associations are often misleading. Not all voice features are
thought to provide reliable information about body size at every level of analysis (e.g.,
among same-sex individuals; for reviews see Gonzélez, 2006; Kreiman & Sidtis, 2011;

Patterson, Smith, van Dinther, & Walters, 2008).

Vocal Indicators of Body Size

Two features of the voice, formant frequencies (formants) and fundamental
frequency (pitch), have traditionally been proposed to relate to body size among
mammals. The source-filter theory of speech production treats the two voice features as
largely anatomically and functionally independent (Fant, 1960; Lieberman & Blumstein,
1988; Titze, 1994). Formant frequencies are resonances of the supralaryngeal vocal tract
associated with the percept of timbre, wherein larger individuals with longer vocal tracts

typically have lower formants than do smaller individuals (Fitch, 1997, 2000a, 2000b;
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Fitch & Giedd, 1999). Fundamental frequency (F) and corresponding harmonics (i.e.,
glottal-pulse rate) are related to the length and tension of the vocal folds and are perceived
as voice pitch (Lieberman & Blumstein, 1988; Titze, 1994). Across primate species (Ey,
Pfefferle, & Fischer, 2007; Hauser, 1993) and within anuran species (Gingras, Boeckle,
Herbst, & Fitch, 2013; Ryan, 1988) larger individuals with larger larynges typically have
lower voice pitch. Hence, both vocal tract resonances (i.e., formants) and pitch can
independently predict size variation between or within many animal species (for reviews

see Fitch & Hauser, 2003; Kreiman & Sidtis, 2011; Taylor & Reby, 2010).

Among humans, however, both formants and pitch independently predict the
substantial variation in body size (e.g., height) between adults and children or between
sexes (Peterson & Barney, 1952; Titze, 1989), but only formants reliably predict size
within adults of the same sex. Indeed, most studies that have examined the relationship
between formants and body size in humans report a significant negative relationship, even
when sex and age are controlled for (Bruckert, Liénard, Lacroix, Kreutzer, & Leboucher,
2006; Evans, Neave, & Wakelin, 2006; Gonzalez, 2004, 2006; Greisbach, 1999; Puts,
Apicella, & Cardenas, 2012; Rendall, Kollias, Ney, & Lloyd, 2005; Sell et al., 2010; but
see Collins 2000). In contrast, most studies that have examined the relationship between
voice pitch and body size report no significant relationship when sex and age are
controlled for (Bruckert et al., 2006; Collins, 2000; Gonzalez, 2004, 2007; Hamdan et al.,
2012; Hollien & Jackson, 1973; Kiinzel, 1989; Lass & Brown, 1978; Majewski, Hollien,
& Zalewski, 1972; Sell et al., 2010; van Dommelen & Moxness, 1995; but see Collins &

Missing, 2003; Evans et al., 2006; Graddol & Swann, 1983; Puts et al., 2012).
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There are a number of possible, non-mutually exclusive explanations for the lack
of a robust physical relationship between voice pitch and size within groups of same-sex
adults in humans, relative to the more reliable relationship between formants and size
(see, e.g., Gonzalez, 2006; Kreiman & Sidtis, 2011; Rendall et al., 2007). Among these is
the proposition that formants, unlike pitch, are closely tied to and constrained by
anatomical structures related to body size and may as a consequence predict size more
reliably than pitch (Fitch, 1997). Indeed, formants are related to the length and
dimensions of the vocal tract that are constrained by an individual’s skull and body size
(Fitch & Giedd, 1999; Fitch, 2000a, 2000b). Conversely, pitch is produced by the vocal
folds within the larynx that is made up of soft tissue and that develops independently of
body size (Lieberman, McCarthy, Hiiemae, & Palmer, 2001). Vocal fold development
and voice pitch are instead largely influenced by exposure to testosterone. At puberty,
testosterone thickens and lengthens boys’ vocal folds causing voice pitch to drop (Harries,
Hawkins, Hacking, & Hughes, 1998; Lee, Potamianos, & Narayanan, 1999), and there
continues to be a negative relationship between circulating levels of testosterone and pitch
in adult men (Dabbs & Mallinger, 1999; Evans, Neave, Wakelin, & Hamilton, 2008).
Most of the variation in voice pitch across individuals is therefore tied to developmental
differences and to sexual dimorphism, whereas pitch and size are largely unrelated within

age-sex classes.

It should be noted that although formants predict size both between and within
age-sex classes, the relationship is nevertheless considerably weaker among same-sex

adults. This is because there is far less variation in size among same-sex than opposite-sex
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adults and because vocal tract length and height are not perfectly correlated (see, e.g.,

Fitch & Giedd, 1999; Patterson et al., 2008).

Voice pitch and formants have been shown to have independent effects on
listeners’ perceptions of body size (Pisanski, Mishra, & Rendall, 2012; Pisanski &
Rendall, 2011; Rendall et al., 2007) but may also interact to affect perceptions of size
(Smith & Patterson, 2005). When plotted on log-log coordinates, this interaction takes the
form of an ellipse, wherein pitch has a linear effect on size perception for voices whose
formants represent those of adult men and women (see Patterson et al., 2008 for a detailed
discussion). Voice pitch and formants have also been shown to interact in a similar
manner to affect speech perception more generally (e.g., relative syllable recognition;

Vestergaard, Fyson, & Patterson, 2009, 2011).

Perception of Body Size from the Voice

What is perhaps most perplexing about listeners’ voice-based perceptions of body
size is that they do not always map onto what we know about the physical relationships
between the voice and size. Despite the lack of a robust physical relationship between
pitch and size among adult men or women, listeners consistently associate low voice
pitch, in addition to low formants, with perceived largeness even at the within-sex level
(Feinberg et al., 2005; Pisanski, Mishra, & Rendall, 2012; Pisanski & Rendall, 2011;
Smith & Patterson, 2005; van Dommelen & Moxness, 1995). The puzzling perceptual
association between pitch and size among same-sex adults has been termed a

misattribution bias (Rendall et al., 2007), presumably driven by erroneous

86



Ph.D. Thesis — K. Pisanski; McMaster University — Psychology, Neuroscience & Behaviour

overgeneralization of sound-size relationships (Gonzalez, 2006; Rendall et al., 2007).
Indeed, voice pitch has long been thought to reduce the accuracy of voice-based size
assessment and to explain why listeners are generally poor at accurately estimating body
size from speech (Bruckert et al., 2006; Collins, 2000; Greisbach, 1999; Rendall et al.,
2007). Based on this hypothesis, voice pitch is predicted to interfere with accurate size

assessment.

Although previous work has established perceptual relationships among voice
pitch, formants, and body size, few studies have examined how the accuracy of listeners’
size assessments might vary as a function of these two voice features. Rendall et al.
(2007) found that listeners assessed men’s relative body size using formants more
accurately when pitch was matched between vocalizers than when the shorter male in the
pair had relatively lower pitch. Although this work suggests that listeners use formants as
well as voice pitch to assess size within sexes, there has been no direct test of how the
accuracy of listeners’ assessments is affected when pitch is present or absent from the
acoustical signal’. Such empirical investigations will be fundamental to understanding the
degree to which voice pitch or formants are honest and reliable indicators of size among
humans at the within-sex level, and whether the perceptual association of low pitch with

large size is erroneous for same-sex adults.

> Earlier work performed by Lass, Kelley, Cunningham and Sheridan (1980) examining size estimation
from unvoiced speech has been widely discredited due to erroneous statistical analysis (see Gonzalez,
2003).
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If voice pitch confounds accurate body size assessment, as has previously been
suggested, we would expect accuracy to increase when pitch cues are absent. To directly
test the effect of voice pitch on size assessment accuracy within sexes, we examined
listeners’ accuracy among speech types where pitch cues were present versus entirely
absent. In unvoiced, whispered speech, vocal folds do not produce periodic pulses;
therefore, F and the perception of pitch are absent but formants are present. Likewise,
three-formant sine-wave speech (SWS), while intelligible (Remez, Rubin, Pisoni, &
Carrell, 1981), contains only three time-varying sinusoids matching the frequency pattern

of the first three formants (F'1 - F3) of the original voice recording.

Experiment 1: Does Voice Pitch Confound Size Assessment Accuracy?

In Experiment 1, we used whispered speech and SWS to examine listeners’ ability
to assess relative body size from natural or abiological speech devoid of pitch, and
compared this to listeners’ accuracy from natural modal speech (regular voiced register)
that contains pitch (Figure 1; listen also to Audio S1-S4). We did this to directly test
whether voice pitch does, in fact, confound the accuracy of listeners’ body size
assessments. We additionally examined how size assessment accuracy varied as a
function of the relative height between men and the relative pitch and/or formant structure

of men’s voices.
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Figure 1. Four types of speech stimuili. Amplitude waveforms (top of each panel) and broadband
spectrograms (bottom of each panel) illustrating the vowel /e/ (spoken by a stimulus male, age 18,
187 cm tall, modal /e/ Fy= 100 Hz, F1 - F3 =706, 1809, 2848 Hz) for: (a) modal speech; (b)
whispered speech; (c) modal SWS (synthesized from a); and (d) whispered SWS (synthesized

from b).

Note. In each panel, the x-axis represents time (0-0.33 s) and the y-axis represents changes in air
pressure (waveform) and frequency (spectrogram; 0-4 kHz) over time. Modal speech contains
voice pitch (as can be observed from the glottal-pulses present in panel a only) whereas whispered
and SWS do not. F'1 - F3 represent the first three formants. All speech stimuli used in

Experiments 1-3 consisted of the five English monophthong vowels, /a/, /i/, /e/, /o/, and /u/. Listen

also to Audio S1-S4.
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Participants

Seventy-seven women (age: 18.8+1.7 years) were recruited from the psychology
undergraduate research pool at McMaster University in Hamilton, Ontario, Canada to
provide voice-based assessments of men’s body size. All participants received partial
course credit and provided informed consent. Each listener was randomly assigned to
assess the relative size of one of four male groups, each containing 15 different male-male
vocalizer pairs (group 1: n=20 listeners; group 2: n=19; group 3: n=20; group 4: n=18,
see Materials and Table A4 in Appendix 3 for information regarding the vocalizer groups

and pairs).

Materials

Male sample characteristics.

Thirty men (age: 19+2.7) were recruited from the psychology undergraduate
research pool at McMaster University to provide voice recordings for use as stimuli in
Experiments 1-3. We measured men’s height directly using metric tape while blind to the
acoustic properties (e.g., pitch and formants) of the men’s voices. The average height of
the men in our sample (M=SD height: 178.9+6.3 cm) compares well with that of the
general population of Canadian men (where M=175 cm, Shields, Gorber, Janssen, &
Tremblay, 2011). The range of heights in our sample (167-193 cm) is comparable to the
ranges in past studies that have assessed relationships between the voice and size in men
(e.g., Bruckert et al., 2006; Evans et al., 2006; Gonzélez, 2004, 2007; Hamdam et al.,
2012; Hollien & Jackson, 1973; Majewski et al., 1972; Kiinzel, 1989). The mean
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difference in height between men in stimulus pairs used to assess the accuracy of
listeners’ relative size assessments was 7.42+5.58 cm and ranged from 0-21 cm (see Table
A4). The acoustic properties of men’s voices (see Voice measurement and Table AS5)
agree well with those of previous samples of English speaking men (Bachorowski &

Owren, 1999; Pisanski & Rendall, 2011; Puts, Apicella, & Cardenas, 2012).

Voice recording.

We recorded men’s voices in both voiced (modal) and unvoiced (whispered)
registers in an anechoic sound-controlled booth using a Sennheiser MKH 800 condenser
microphone with a cardioid pick-up pattern and at an approximate distance of 5-10 cm.
Speech recordings were of the five Canadian English monophthong vowels, /a/ as in
“father”, /i/ as in “see”, /e/ as in “bet”, /o/ as in “note”, and /u/ as in “boot" (to listen,
access Audio S1 & S2). Several previous studies have used this sequence of vowel sounds
in isolation (Bruckert et al., 2006; Collins, 2000; Collins & Missing, 2003; Feinberg et al.,
2005) or embedded in a single-syllable phrase containing one or more consonants
(Pisanski et al., 2012; Pisanski & Rendall, 2011; Rendall et al., 2007) to assess listeners’
voice-based perceptions of body size (see Ives, Smith, & Patterson, 2005 for
discrimination thresholds in size perception from vowels and syllable phrases). Audio was
digitally encoded with an M-Audio Fast Track Ultra interface at a sampling rate of 96
kHz and 32-bit amplitude quantization, and stored onto a computer as PCM WAV files

using Adobe Soundbooth CS5 version 3.0.
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Voice measurement.

All acoustic measurements were performed in Praat (Boersma & Weenink, 2013)
and taken from the central, steady-state portion of each vowel. For modal speech, we
measured mean F and perceived pitch using Praat’s autocorrelation algorithm with a
search range set to 65-300 Hz. Perceived pitch was measured in three scales: semitones
(re 1 Hz), mel, and equivalent rectangular bandwidth (ERB). The latter two scales are

quasi-logarithmic. Tables A5 and A6 provide summary statistics of pitch measures.

For both modal and whispered speech, formants F1 - F4 were measured using the
Burg Linear Predictive Coding (LPC) algorithm. Formants were first overlaid on a
spectrogram and manually adjusted until the best visual fit of predicted onto observed
formants was obtained. This method of formant measurement has been used by a number
of studies examining the relationship between formants and physical or perceived body
size (Evans et al., 2006; Feinberg et al., 2005; Gonzalez, 2004; Greisbach, 1999; Pisanski
& Rendall, 2011; Rendall et al., 2005, 2007). Although the LPC method has been
criticized for potentially reporting a harmonic of the fundamental in the place of F'1 in
measurements of modal speech (Turner, Walters, Monaghan, & Patterson, 2009), we
confirmed that this was not the case for our own formant measurements. We did this by
normalizing formant frequencies to F (formant frequency/Fy) and plotting their
frequency of occurrence (see Turner et al., 2009, their Figure 6). In our voice sample,
formants that were integer multiples of F, were not more common than were other

formant values, indicating that our formant measurements showed no systematic bias or
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error. Mean F'1 - F3 values for synthesized modal and whispered SWS were equivalent to
those of the corresponding natural speech. Table A5 provides summary statistics of

formant F1 - F4 measures.

In addition to F'1 - F4, we computed several measures of formant structure that
have previously been used to assess the relationship between formants and body size
among humans and other species. For all derivations, # is the total number of formants
measured (n=4) and F; is the frequency of the ith formant in Hz. Average formant

frequency, Fn (Pisanski & Rendall, 2011) is given by:

F =+ (equation 1)

Apparent vocal tract length, VTL (adapted from Fitch, 1997) is given by:

n

Y (2i-1)(c/4F)

VTL(E) — =l

n (equation 2)

where 7 refers to the formant number and c is the speed of sound in a uniform tube with

one end closed, c=35000 cm/s. Formant position, P (Puts et al., 2012) is given by:

(equation 3)

where F'’; is the standardized ith formant.
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Formant dispersion, Dy (Fitch, 1997; Fitch & Giedd, 1999) is given by:

n

Z(F;H _Fi)

D, = FIT (equation 4)

Geometric mean formant frequency, MFF (Irino, Aoki, Kawahara, & Patterson, 2012;

Ives et al., 2005; Smith & Patterson, 2005) is given by:

n 1/n
MFF = ( F’J (equation 5)

i=1

Like previous work (Jovici¢, 1998), we found that the absolute values of F'1 - F4
were in some cases higher for whispered than for modal vowels (see Table AY).
Critically, however, whispering did not significantly affect the relative difference in
formants between paired vocalizers and thus was unlikely to affect listener’s relative
assessments of size. In both modal and whispered speech, the taller male in the pair
always had lower F'1 - F4 values relative to the shorter male, and relative differences in
F1, F2, and F4 were not statistically different between modal and whispered speech (see

Table A7).
Editing and creation of speech type stimuli.

Copies of each original voice recording (30 modal, 30 whispered) were edited
using Praat (Boersma & Weenink, 2013). Vowels were flanked by 250 ms of silence

resulting in modal and whispered voice stimuli that were 3.46+0.41 and 3.59+0.37

94



Ph.D. Thesis — K. Pisanski; McMaster University — Psychology, Neuroscience & Behaviour

seconds in duration, respectively. A copy of each modal and whispered voice stimulus
was additionally re-synthesized into three-formant sine-wave speech (SWS) in Praat
(Boersma & Weenink, 2013; see Figure 1). This type of minimal speech synthesis
involves creating three time-varying sinusoids that match the frequency pattern of the first
three formant frequencies (F1 - F3) of the original voice recording (Remez et al., 1981).
Synthesized SWS is devoid of the majority of the acoustic information present in natural
and voiced human speech, including Fy and its harmonics. Nevertheless, the formant
information embedded in the sinusoidal pattern is sufficient to elicit the percept of
intelligible speech (i.e., vowel sounds, Remez et al., 1981; to listen, access Audio S3 &
S4). All stimuli were amplitude normalized to 70 dB RMS SPL and played back at

constant amplitude within participants.

Pairing of speech stimuli.

To pair speech stimuli, the 30 male vocalizers were first pseudo-randomly paired
four separate times (groups 1 - 4), ensuring only that each pairing occurred no more than
once among all four groups, resulting in 60 unique male-male pairs (15 pairs per group).
Table A4 summarizes the means and ranges of height differences between men. Height
differences did not differ significantly across the four groups (one-way ANOVA:
F356=0.067, p=997). Speech stimuli were then paired within each speech type (e.g.,

modal-modal), resulting in 60 stimulus pairs per speech type and 240 in total.
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Procedure

All experiments were approved by the McMaster Research Ethics Board and
comply with the American Psychological Association’s Ethical Principles of
Psychologists and Code of Conduct. The experiment was conducted in the Voice
Research Laboratory at McMaster University. Each listener was randomly assigned to
assess the relative size of one of four male groups, for all four speech types, resulting in a
total of 60 size assessment trials per participant. Voices were presented to participants in a
private room via a custom computer interface and through Sennheiser HD-280 PRO

headphones.

On each trial, listeners were presented with two men’s voices of the same speech
type (modal, whispered, modal SWS, or whispered SWS). Voices were played
consecutively, prompted by the participant selecting the ‘play’ button for the individual
file. After listening to each voice in the pair, participants were asked to select which of the
two voices belonged to the taller man by selecting the corresponding button on the screen.
Participant responses automatically loaded the next trial. Trials were blocked by speech
type. The presentation order of blocks, of paired voice stimuli within each block, and of
voice stimuli within each pair was fully randomized. The order of vowels in each voice
stimulus was always /a/, /1/, /¢/, /o/, and /u/. Following the experiment, participants

provided their age.
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Results and Discussion

We coded a response as correct (‘1) if the speech stimulus chosen was that of the
taller man’s in the pair and otherwise as incorrect (‘0”). Trials on which there was no
difference in height between men in a pair (n=3 pairs) or in which the difference in height
was negligible (i.e., <0.5 cm, n=3 pairs) were not included in analyses; however, their
removal did not affect the general pattern or statistical significance of our results. The
effect of speech type on listeners’ accuracy scores did not vary as a function of the male
group that they were assigned to assess (no significant group-by-speech-type interactions
in repeated measures analysis of variance [rmANOVAJ: all F<1.4, all p>.249). Hence, for
statistical analyses, size assessment accuracy scores were averaged across listeners from
groups 1 - 4 for each speech type. We confirmed that the data were normally distributed
for all speech types (Shapiro-Wilk, df = 77, modal: W=0.969, p=.06; whispered: W=0.971,

p=0.074; modal SWS: W=0.989, p=.724; whispered SWS: W=0.973, p=.102).

The effects of speech type and men’s relative height on size assessment accuracy.

Listeners performed above chance (>0.5 proportion correct, two-tailed one-sample
t-tests) in assessments of size from modal speech (#76=7.69, p<.001), whispered speech
(t76=2.66, p=.01), modal SWS (764=2.05, p=.044), and whispered SWS (t76=3.24, p=.002;
see Figure 2a). After controlling for multiple comparisons, size assessment accuracy
remained significantly above chance for modal speech, whispered speech, and whispered

SWS (Bonferroni correction, ¢r/n =.0125, two-tailed). Thus, listeners extracted reliable
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size information from speech whether or not voice pitch was present and whether voice

stimuli were natural or synthesized.

If it were true that voice pitch confounds accurate size assessment, listeners’
accuracy would be expected to be higher for synthesized SWS and natural whispered
speech, both of which are devoid of pitch cues, relative to modal speech that contains
natural pitch. In fact, accuracy in listeners’ size assessments was higher for natural than
for synthesized (SWS) stimuli (repeated measures analysis of variance, rmANOVA,
F173=6.38, p=.014), and higher for modal than for whispered speech among natural but
not among synthesized voices (£ 73=6.63, p=.012). Planned paired-sample z-tests (two-
tailed) revealed that listeners’ accuracy was significantly better for modal speech than for
all other speech types (modal vs. whispered: #76=2.89, p=.005; modal vs. modal SWS:
t76=3.7, p<.001; modal vs. whispered SWS: #;4=3.07, p=.003), whereas accuracy did not
differ among the other three speech types (all |¢/<0.979, all p>.33; Figure 2a). Thus,
listeners were more rather than less accurate in size assessments when pitch cues were
present, despite the absence of a reliable physical relationship between pitch and height in

this sample of men (see Table A6).
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Figure 2. Accuracy in listeners’ body size assessments (Experiment 1). Mean proportion correct
size assessment (+ standard error mean) as a function of (a) speech type and (b-c) the formants
and/or voice pitch of the taller male relative to the shorter male in a vocalizer pair for the modal

speech condition.
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Note. Mean proportion correct refers to the average proportion of trials in which the taller male
vocalizer was correctly identified relative to chance. Thus, the y-axis represents the difference
between participant’s mean accuracy and chance accuracy, where values above 0 indicate above-
chance performance, and values below 0 indicate below-chance performance. (a) * p<.0125
Bonferroni correction, one-sample #-tests comparing accuracy for each speech type against
chance, and paired-sample #-tests comparing accuracy among speech types; all tests two-tailed,
n=77 listeners). (b-c) * p<.05; ns p>.05, two-tailed one-sample #-tests; see Table 1 for additional

details).

Regression analyses showed that accuracy generally improved as the difference in
height between men increased (see Figures 3 and 4). Linear regression indicated that size
assessment accuracy increased with the difference in height between male vocalizers for
modal speech (F)5;=4.486, p=.039, 5=0.284, R*=0.081), whispered speech (F\ 5= 5.714,
p=.021, 3=0.320, R2=O.10), and modal SWS conditions (£ 5,=6.323, p=.015, 3=0.332,
R*=0.11). The linear regression slope for whispered SWS was not significant
(F1.50=1.471, p=231, § =- 0.169, R*=0.03; Figure 3). The results of our linear regression
for modal speech are similar to those reported by Rendall et al. (2007). If voice pitch
confounds size assessment, we might expect that the slope of the linear regression of
accuracy on relative height (see Figure 3) would be steeper for modal speech than for
whispered speech or SWS. This is because, in order to counteract the apparently
erroneous cues to size provided by pitch, listeners might require greater differences in

height (and indeed, in formants) between men to assess body size accurately when pitch
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cues are present than when pitch cues are absent. However, we did not find any evidence

of this. In fact, linear regression slopes were comparable among modal (5=.284),

whispered ($=.320), and modal SWS (#=.332) conditions.

Mean proportion correct size assessment
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Whispered speech
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Figure 3. Accuracy in listeners’ body size assessments (Experiment 1) as a function of men’s

relative height (taller - shorter male) for each speech type.

101



Ph.D. Thesis — K. Pisanski; McMaster University — Psychology, Neuroscience & Behaviour

Note. Each data point represents the mean proportion correct size assessment of all listeners for a
given vocalizer pair. A total of six high-leverage outliers (1-2 pairs per regression, resulting in
n=52-54 pairs) were identified (Cook’s D > 4/n or .075) and removed from each respective
analysis, but this did not affect the direction of the regressions. Size assessment accuracy
increased with the difference in height between men with modal speech, whispered speech, and
modal SWS conditions (best fitting model: linear regression, p<.05). The slope for whispered

SWS was not statistically significant (p=.23).

We additionally fitted an inverse cumulative distribution function to our data
using the probit model. The probit model is preferred for analyzing a binary response
variable obtained from a two-alternative forced-choice task because it produces estimated
probabilities of likelihood that are constrained between 0 and 1, and allows for the effect
of the independent variable to vary across different values of the dependent variable
(Long, 1997). Akin to the results of the linear regressions, the probit model showed that
the probability of correct size assessment increased with the relative difference in height
between male vocalizers for modal speech (estimated increase in accuracy Z-score for
every cm difference in height + SE = 0.20+0.007, p=.005), whispered speech
(0.25+0.007, p=.001), and modal SWS (0.016+0.007, p=.028), but not for whispered

SWS (0.003+0.008, p=.73; Figure 4).
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Figure 4. Probit inverse cumulative distribution functions fitted to listeners’ size assessment
accuracy scores (Experiment 1) as a function of men’s relative height (taller - shorter male) for
each speech type. Estimated probability of correct size assessment increased with the difference in
height between men with modal speech, whispered speech, and modal SWS conditions (p<.05),

but not with whispered SWS (p=.73).

Noting the linear shape of these psychometric functions (see Figure 4), we can see
that the effect of men’s relative height on listeners’ accuracy was effectively constant
across height differences. Additionally, listeners performed around chance levels when
the differences in height between men were close to 0, and improved as the difference in
height increased, but listeners did not approach the upper limit of optimal performance

(i.e., 0.95-1 proportion correct) and thus the functions do not asymptote near 1. For this
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reason, the linear regression models provided a better fit to our data than did the probit
models (Pearson goodness-of-fit tests for probit: modal: ¥>=71.02, p<.001; whispered:

v*=58.94, p<.001; modal SWS: ¥*>=22.35, p=.27; whispered SWS: y*=30.2, p=.036).
The effects of men’s relative formants and pitch on size assessment accuracy.

We examined the degree to which formants or pitch predicted actual relative
height between men using multiple derivations of either voice feature, including: average
formant frequency (Fn, as given by equation 1); apparent vocal tract length (VTL,
equation 2); formant position (Pg, equation 3); formant dispersion (Dy, equation 4);
geometric mean formant frequency (MFF, equation 5); fundamental frequency (F)); and
perceived voice pitch in semitone, mel, and equivalent rectangular bandwidth (ERB)
scales (see Voice measurement for additional details). Formant measures were
significantly correlated with one another (two-tailed bivariate regressions: |r| modal =
.56-.999, all p<.01, Table AS), as were voice pitch measures (|7| =.993-.999, all p<.01,
Table A9). Regardless of the measure used, formants predicted relative height better than

did voice pitch (Table A6).

Nevertheless, listener’s size assessment accuracy with modal speech was predicted
both by differences in men’s formants (ANOVA, Fn: F 53=24.95, p<.001) and
differences in men’s voice pitch (Fy: F53=54.42, p<.001), together accounting for 62%
(Adjusted R?) of the variance in accuracy (Fn +Fo: F1.53=41.64, p<.001). Relatively lower
formants or lower pitch in the taller vocalizer independently facilitated accuracy in size

assessment, resulting in above-chance performance, whereas higher formants or higher
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pitch did not, resulting in chance performance. The facilitating effects of lower formants

or pitch were significantly greater than the null effects of higher formants or pitch

(independent two-tailed z-tests, Fn: t5,=2.76, p=.01; Fy: t52=5.85, p<.001). In other words,

both voice features independently aided accurate size assessment, and neither

independently confounded accurate size assessment. Notably, lower pitch in the taller

vocalizer resulted in a mean accuracy of at least 70% across all trials (Table 1).

Table 1. Mean proportion correct size assessment from modal speech as a function of the

relative voice features of the vocalizer pair

Proportion Correct”

Voice Feature(s) of Taller Relative to df { P
Shorter Male (M£SD)

Independent Effects®

Higher Formants 0.47+0.30 20 -0.405 .690
Lower Formants 0.68+0.20 32 5.078  <.001
Higher Pitch 0.43+0.23 25 -1.567 .130
Lower Pitch 0.76+0.18 27 7.59 <.001
Combined Effects

Higher Formants and Higher Pitch 0.23+0.15 9 -5.79 <.001
Higher Formants and Lower Pitch 0.70+0.22 10 2985 014
Lower Formants and Higher Pitch 0.55+0.18 15 1.179 257
Lower Formants and Lower Pitch 0.80+0.14 16 8.56 <.001

a.

Effect of one voice feature while controlling for the other. Formant measure = F'n, mean

formant frequency (see equation 1); Pitch measure = F),, mean fundamental frequency.
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Proportion correct size assessment (means + standard deviations) based on a total of 54

vocalizer pairs whose difference in height exceeded 0.5 cm.

C.

Two-tailed one-sample #-tests against chance (0.50).

The combined effects of formants and pitch on accuracy were cumulative (Table
1; Figure 2c). When the taller vocalizer had both lower formants and lower voice pitch,
accuracy reached its highest level (80%). Likewise, only when the taller vocalizer had
both higher formants and higher voice pitch did accuracy fall significantly below chance
(23%). This pattern of results suggests that listeners may have shifted their criterion for
relative size assessment, particularly on trials in which the frequency differences in the
pitch and formants of vocalizers’ voices were congruent. Thus, there appears to have been
a consistent response bias toward correctly choosing the taller male when his pitch and
formants were both lower relative to the shorter males, but a consistent bias toward
incorrectly choosing the shorter male when his pitch and formants were both relatively
higher. This possible response bias is not as apparent on trials in which the frequency
differences in the pitch and formants of vocalizers were incongruent. This supports the
previous conclusion that the effects of voice pitch and formants on size perception were

cumulative.

Experiment 2: Does the Absence of Voice Pitch Hinder Formant-Based Size Perception?

If voice pitch must be present in the acoustical signal for listeners to be able to

extract body size information from the formant frequencies of the voice, then removing
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pitch from the voice might in fact impair size assessment. If this were true, it may explain
the results of Experiment 1, wherein listeners were less accurate in size assessments when
pitch cues were absent than when pitch cues were present. We tested this possibility in

Experiment 2 by examining how the presence or absence of voice pitch affected listeners’

perceptions of size from modal and whispered voices with manipulated formants.

Modal speech with lowered compared to raised formants is typically associated
with larger perceived size when controlling for voice pitch (Feinberg et al., 2005; Pisanski
et al., 2012; Smith & Patterson, 2005). However, it is not known whether lowered
formants in natural whispered speech, where pitch cues are entirely absent, will elicit
analogous perceptions of size among same-sex adults. A recent psychoacoustic study by
Irino et al. (2012) has shown that the just-noticeable difference in size perception from
formants is the same (~5%) for synthesized voiced speech and synthesized whispered
speech, suggesting that formant shifts in natural voices would also be equally perceivable

regardless whether pitch is present or absent.

Participants

For Experiment 2, a new group of 40 women (age: 19.38+2.62) and 18 men (age:
21.17+5.15) was recruited from Conestoga College’s nursing undergraduate research

pool. All participants received partial course credit and provided informed consent.
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Materials

The voices used in Experiment 2 (5 modal and 5 whispered from the same 5
males) were randomly drawn from the pool of speech stimuli used for Experiment 1. The
formant component of men’s modal and whispered speech was raised or lowered by 10%
from baseline using Praat, holding /) and harmonics constant in the case of modal speech
(Boersma & Weenink, 2013; Feinberg et al., 2005). These manipulations were performed
using resampling override and Pitch-Synchronous Overlap Add (PSOLA) algorithms to
return pitch to its original value (now a standard feature in Praat; Boersma & Weenink,
2013). The magnitude of these manipulations corresponded to approximately two times
the just-noticeable difference in formant perception from vowels (Pisanski & Rendall,
2011), similar to that used in previous work examining the effects of manipulated
formants on size perception (Pisanski & Rendall, 2011), and was representative of a large
portion of the natural variation in formants among men (Peterson & Barney, 1952;
Pisanski & Rendall, 2011; Lee et al., 1999). We paired raised-formant with lowered-
formant speech stimuli within vocalizers and within each speech type resulting in a total
of 10 voice pairs (5 modal-modal and 5 whispered-whispered). Thus, both voice stimuli
within a pair originated from the same man, such that the only difference between the

stimuli was in their formants (raised versus lowered).

Procedure

The experiment was completed online. Previous research using an analogous

procedure has shown that listeners’ voice-based assessments of men are the same whether

108



Ph.D. Thesis — K. Pisanski; McMaster University — Psychology, Neuroscience & Behaviour

collected online or in the laboratory (Feinberg et al., 2011). Before beginning the
experiment, all participants consented to wearing headphones for the duration of the
experiment. Each participant then completed a total of 10 trials. On each trial, participants
were presented with a single pair of voices (raised-formant vs. lowered-formant) matched
for speech type. Akin to Experiment 1, voices were played consecutively, prompted by
the participant selecting the ‘play’ button for the individual file. After listening to each
voice in the pair, participants were asked to select which of the two voices belonged to the
taller man by selecting the corresponding button on the screen. Participant responses
automatically loaded the next trial. The presentation of voice pairs was blocked by speech
type. The order of speech type was counter-balanced between participants (whispered
followed by modal, or, modal followed by whispered) and the presentation order of voice
stimuli within each voice pair was fully randomized (raised-formant voice played first, or,
lowered-formant voice played first). The order of vowels in each voice stimulus was
always /a/, /i/, /e/, /o/, and /u/. Following the experiment, participants provided their age

and sex.

Results and Discussion

Responses were coded as ‘1’ if the voice chosen was that with lowered formants
and otherwise as ‘0’. We then calculated the proportion of trials on which listeners
associated relatively lower formants with larger size by averaging responses across trials
and participants within each condition. Because the data were heavily skewed, and not

normally distributed for either speech type (Shapiro-Wilk, df = 58, modal: W=0.811,
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p<.001, skewness = -0.94; whispered: W=0.862, p<.001, skewness = -0.73), we used

nonparametric statistical tests to analyze listeners’ responses (all two-tailed).

For both modal (M+SD =75+£29%) and whispered speech (71£29%), listeners
associated relatively lower formants with larger body size on approximately three quarters
of all trials, and significantly above chance (one-sample binomial tests vs. 0.5, n=58,
p<.001). We found no significant effect of speech type (Wilcoxon Signed Rank, n=58:

=-1.36, p=.17) or of listener sex (Mann-Whitney, n=58; modal: U=286, p=.19;
whispered: U=285, p=.20) on formant-based perceptions of size. Consistent with the
psychoacoustic work of Irino et al. (2012), the absence of voice pitch did not hinder
listeners’ ability to extract size information from the formant frequencies of the voice.

Thus, the absence of pitch cannot explain the results of Experiment 1.

Experiment 3: Does Harmonic Density of Voice Pitch Facilitate Formant-Based Size

Perception?

The absence of voice pitch did not hinder formant-based size perception
(Experiment 2). However, the presence of voice pitch, and in particular, the density of
harmonics sampling the formant envelope, may facilitate formant perception and thereby
increase the accuracy of listeners’ size assessments. More densely spaced harmonics in a
low-pitched voice (see spectrogram in Figure 5 for illustration) have been shown to
enhance the salience of corresponding formant frequencies and to aid in vowel perception
(Assmann & Nearey, 2008; Ryalls & Lieberman, 1982) and in the perception of size

information from synthetic tones (Charlton, Taylor, & Reby, 2013). If this is also true for
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formant-based size perception from natural human voices, it may explain why listeners in
Experiment 1 performed better from speech containing pitch, and in particular, better
when the taller male’s voice pitch was relatively lower than higher (Table 1; Figure 2b
and c). We tested the Harmonic Density Hypothesis in a third experiment. We predicted
that, if denser harmonics enhance formant detection in natural speech and improve the
accuracy of size perception, accuracy would be relatively higher in the lowered-pitch

condition.

Participants

For Experiment 3, a new group of 120 women was recruited from the psychology
undergraduate research pool at McMaster University. All participants received partial
course credit and provided informed consent. Each participant was randomly assigned to

a raised-pitch (n=60, age: 20+2.6) or lowered-pitch condition (n=60, age: 19+£2.19).

Materials

The 60 modal speech stimulus pairs used in Experiment 3 were identical to those
used in Experiment 1, except that for Experiment 3, the F of the modal stimulus pairs
was manipulated using Praat’s PSOLA algorithm (Boersma & Weenink, 2013) holding
formants constant. The voice F| of all speech stimuli was either raised or lowered by
adding or subtracting 0.5 ERBs of the baseline | for speech stimuli used in the raised-
pitch and lowered-pitch conditions, respectively (note that both vocalizers within each
pair received the same pitch manipulation). The ERB scale controls for discrepancies
between F and perceived pitch, where one ERB is roughly equivalent to a 20 Hz absolute
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Fy manipulation of a voice with a mean F of 120 Hz, or to roughly 3 semitones. Thus,
our manipulations resulted in a mean Fj difference of about 40 Hz between the raised-
pitch and lowered-pitch groups of male vocalizer pairs (for example, see spectrogram in
Figure 5). This difference is greater than the just-noticeable difference in voice pitch
perception (Pisanski & Rendall, 2011). Critically, the magnitude of our F, manipulation
(a 40 Hz difference between conditions) was exactly analogous to the degree of natural
variation in pitch among men in Experiment 1, where men’s natural voice pitch ranged

from 90.4 — 129.8 Hz.

Procedure

The experimental procedure for Experiment 3 was identical to Experiment 1
except that each participant assessed the relative size of all 60 male pairs (pairs from
groups 1- 4 inclusive), in either the raised-pitch or lowered-pitch condition. Once again,
listeners were presented with two men’s voices and asked to select which of the two

voices on each trial belonged to the taller man.

Results and Discussion

We confirmed that the data were normally distributed for both conditions
(Shapiro-Wilk, df = 30, raised-pitch: W=0.959, p=.30; lowered-pitch: W=0.967, p=.45).
Figure 5 illustrates that listeners performed significantly better in the lowered-pitch
condition where harmonics were denser (M£SD = 60.25+6.59% correct) than in the

raised-pitch condition where harmonics were sparser (57.72+5.93%; one-way ANOVA,
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F1 115=4.893, p=.029). Thus, as predicted, we found that harmonic density facilitated

accurate voice-based size perception.
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Figure 5. Harmonic Density Hypothesis. (a) Mean proportion correct size assessment was
significantly higher for the lowered-pitch condition (high harmonic density) than for the raised-
pitch condition (low harmonic density; *p=.029, two-tailed one-way ANOVA, n=120). (b)
Narrowband spectrograms depicting a stimulus male’s voice (vowel /¢/) with raised-pitch (Fp=122

Hz) and lowered-pitch (F;=83 Hz).

Note. Mean proportion correct (+ standard error mean) refers to the average proportion of trials in
which the taller male vocalizer was correctly identified relative to chance, where values above 0

indicate above-chance performance.
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However, its effect size (Cohen’s d=0.41) was one-quarter the strength of what is
to be expected by the asymmetrical gains-to-losses in accuracy reported in the modal
condition of Experiment 1 (where Cohen’s d=1.62). That is, the gains in accuracy
observed in Experiment 1 on trials in which the taller vocalizer had relatively lower voice
pitch were considerably greater than any losses in accuracy that resulted from his having
relatively higher voice pitch. Moreover, despite a comparable pitch range in the two
Experiments (40 Hz), the ratio of gains-to-losses in accuracy between lower and higher
voice pitch observed in Experiment 1 was, on average, on the order of 25% (Table 1).
This is much greater than the ratio of gains-to-losses observed in Experiment 3. Hence,
while harmonic density certainly plays a role, it cannot fully explain the facilitating role

of voice pitch in body size assessment.

General Discussion

The results of these experiments provides evidence that human listeners are more
accurate in voice-based assessments of men’s relative body size when pitch cues are
present than when pitch cues are absent. This is true despite the lack of a robust, direct
relationship between voice pitch and men’s body size in our sample of men. This finding,
in addition to the finding that size assessment accuracy increases with the harmonic
density of human speech, provides support for an indirect, facilitating role of voice pitch

in body size assessment.

We took several measures to ensure that our results were not due to distorted,

degraded, or noisy whispered speech. First, we confirmed that modal and whispered
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formants were significantly correlated and that the formant differences between men
(relative F1 - F4) were largely the same for modal and whispered speech. Second, we
presented all stimuli at the same normalized amplitude to each participant. Pilot testing
indicated that listeners did not perceive any differences in the loudness of modal and
whispered speech. Moreover, if perceived loudness had been lower for whispered than for
all other speech types, accuracy for whispered speech may have been lower than for SWS,
but this was not the case. Third, listeners proved capable of assessing relative size from
whispered speech above chance, confirming that size information was preserved in
unvoiced speech, and performed no worse than from modal SWS where sound was

periodic and without aperiodic noise in the signal.

The results of Experiment 2 further demonstrate that the absence of voice pitch
does not in itself reduce listeners’ ability to extract size information from formants, and
that this cannot explain our findings. Whispering affects accuracy but not the perceptual
association between low frequencies and perceived height. Indeed, recent work has found
that the just-noticeable difference for formant-based size perception is the same (~5%) for
synthesized modal and synthesized whispered speech (Irino et al., 2012). Whereas Irino
and colleagues have shown that synthetic whispered speech supports size assessment over
a wide range of formants representing men, women, and children, the results of
Experiments 1 and 2 of the current study show that relative size can be gleaned from
natural whispered speech even among same-sex adults, where the differences in formants

among individuals are considerably smaller.
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The results of Experiment 3 indicate that accurate size assessment is, at least in
part, tied to the density of the spectral sample. The denser sampling provided by lower
voice pitch appears to increase the salience of corresponding formant frequencies, aiding
listeners in extracting reliable formant-based (i.e., vocal tract or size) information from
the voice. This finding is in line with earlier work that has shown that formant-based
vowel perception is more accurate with natural voices with a lower than higher pitch (150
Hz range in F), Ryalls & Lieberman, 1982), and that listeners are more likely to associate
downward shifts in formant spacing with larger perceived body size from synthesized
tones of a lower than higher pitch (310 Hz range in Fj, Charlton et al., 2013). It is
important to highlight that our work provides the first evidence that low voice pitch not
only improves formant perception, but also results in more accurate within-sex size
assessment from human speech with natural formants. Moreover, we show that this is true
even when the differences in voice pitch represent the natural degree of variation found
among same-sex adults. The current study contributes to a growing body of literature that
has found that voice pitch and formants interact in complex ways to affect voice
perception (Feinberg et al., 2011; Patterson et al., 2008; Smith & Patterson, 2005;

Vestergaard et al., 2009, 2011).

Although the relationships among formants, vocal tract length, and height are
relatively weak within sexes compared to between sexes (Fitch & Giedd, 1999; Gonzélez,
2004, 2007; Patterson et al., 2008; Rendall et al., 2005), the current set of experiments
and those by Rendall et al. (2007) show that listeners can nevertheless assess the relative

size of same-sex adults from natural voiced speech by attending to differences in
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formants. It is not known, however, whether listeners preferentially attend to variation in
certain formants more than in others. On one hand, the relative positions of 1 and F2
shift constantly in continuous speech within individuals, facilitating vowel perception,
whereas /3 and F4 remain more stable and may as a consequence provide more reliable
information about vocal tract length (Greisbach, 1999). On the other hand, neuroimaging
studies have shown that normalization processes that compensate for individual
differences in vocal tract length during vowel perception occur early in the processing of
speech sounds and mainly involve the lower formants, 1 - F3 (Monahan & Idsardi,
2010; Sjerps, Mitterer & McQueen, 2011). Thus, F4 is relatively inconsequential for size
normalization. Finally, Fant (1960, p. 121) noted variation in the relation of different
formants to different physical dimensions of the oral and nasal cavities and supralaryngeal
vocal tract. Variation in anatomical constraints on different formants might additionally
affect their relative reliability as cues to size. Taken together, it is possible that certain
formants may indicate size more reliably than others, but it is unclear which formants. It
is important to note that listeners in Experiment 1 estimated relative size from three-
formant SWS containing only three sine waves corresponding to formants F1 - F3.
Listeners’ accuracy from SWS was above chance and no different than from whispered
speech, which contained higher formants, indicating that the lower formants are sufficient
for size assessment. Nevertheless, because /4 may contain additional size information,
future studies should investigate whether size assessment accuracy is relatively higher for

four-formant SWS than for three-formant SWS.
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Because we were ultimately interested in the processes and mechanisms that
individuals use to assess relative body size, particularly of same-sex individuals and in
everyday life, we designed our Experiments to reflect the natural difficulty of size
discrimination at this level. The differences in men’s formants and voice pitch reflected
the natural degree of variation in the general population of men. Likewise, the range of
heights in our sample of male vocalizers (167-193 cm) was analogous to the ranges
reported in numerous other studies that have examined voice-based estimation of men’s
body size from natural speech stimuli (Bruckert et al., 2006; Collins, 2000; Rendall et al.,
2007) or the relationship between formants and physical height (Bruckert et al., 2006;
Collins, 2000; Evans et al., 2006; Gonzalez, 2004, 2007; Graddol & Swann, 1983;
Hamdan et al., 2012; Hollien & Jackson, 1973; Kiinzel, 1989; Majewski et al., 1972; van

Dommelen & Moxness, 1995).

While the design of our study was intended to increase the ecological validity and
generalizability of our results, a potential drawback of the design is that, for some male
voice pairs, the differences in formants or height may have been too small for listeners to
perceive. Psychoacoustic studies have shown that the just-noticeable difference for
formant-based size discrimination from isolated vowel sounds is approximately 7-8%,
slightly higher than the just-noticeable difference for size discrimination from vowels
paired with consonants in single-syllable phrases (4-6%) or vowels embedded in words
(5%; Irino et al., 2012; Ives et al., 2005; Smith & Patterson, 2005). These studies used
synthesized voices that were scaled to represent uniform differences in formants across a

wide range of apparent vocal tract lengths, many representing body sizes beyond the
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natural range of the general population (i.e., very short children or very tall adults).
Nevertheless, the just-noticeable difference in formant perception reported for natural
human speech (5-6% for vowels in words; Pisanski & Rendall, 2011) is consistent with
the thresholds established using synthetic speech-like sounds. Also consistent with these
thresholds are the results of Rendall et al. (2007), who reported that listeners were unable
to accurately assess the relative height of men from natural voiced speech when

differences in height between the two men were less than 10 cm.

The present study provides the foundation for future work to investigate whether
harmonic density improves accuracy of size estimation between age-sex classes (e.g.,
between men and women or children and adults) in which the relative formants and
heights of paired vocalizers are likely to consistently exceed perceptual discrimination
thresholds. The effect of harmonic density on size perception may be greater in
populations exhibiting a wider range of pitch and formants. Interestingly, psychoacoustic
studies show that in the range of vocal tract lengths representing small children, the
influence of voice pitch decreases with vocal tract length more rapidly with low-pitched
than with high-pitched synthetic voices (discussed in Patterson et al., 2008). Future work
should also examine whether the role of harmonic density in size perception is greater for
syllable phrases, words, and longer stretches of speech than it is for sequences of isolated

vowel sounds.

We argue that it is unlikely that humans are better at assessing size from the voice

when both pitch and formants are present simply because this is typical in everyday life or
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because listeners have more experience with modal speech than with SWS or whispered
speech. First, the results of Experiment 2 demonstrate that formant-based size perception
is similar for modal and whispered speech. Listeners do not appear to have any difficulty
associating formant manipulations with size in whispered speech despite their relative
lack of familiarity with this type of speech, but rather show deficits only in their ability to
assess size accurately from whispers. This is further evidenced by an equivalent just-
noticeable difference in size perception between modal and whispered speech (Irino et al.,
2012; although the just-noticeable difference in size perception for SWS may be
analogous to that for modal and whispered speech, there is currently no research to
support this). Second, expertise and familiarity cannot explain why only relatively lower
voice pitch facilitated accuracy from modal speech, especially if taller and shorter
individuals are equally likely to have relatively higher voice pitch as they were in our
sample. Listeners are not likely to have learned from experience to associate low pitch
with large size within sexes because they would not have experienced this association any
more frequently than they would have experienced the association between low pitch and
small size or high pitch and large size. Finally, simply using a strategy involving
consistently applying a learned perceptual rule or heuristic that “low is large” (Morton,
1977; Pisanski et al., 2012; see also Chapter 4) would likely not result in above-chance

accuracy because low voice pitch is not directly related to size within sexes.

Future work should nevertheless explore other viable explanations for the
facilitating role of voice pitch in body size perception above and beyond that which can

be explained by increased spectral sampling or harmonic density. It may, for instance, be
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the case that the relationship between voice pitch and size within sexes is present but is
statistically weak requiring large samples (Puts et al., 2012) or non-linear statistics (Fitch
& Giedd, 1999; Turner et al., 2009). There may also be additional pitch-related features of
the human voice that can provide reliable information about size but that have yet to be

thoroughly investigated (e.g., jitter and shimmer, Gonzalez, 2007; Hamdan et al., 2012).

Conclusions

We tested a number of hypotheses to empirically address the proposal that voice
pitch confounds within-sex size estimation from the human voice. We overturn this
common belief. Despite having no reliable direct relationship to men’s height, we show
that the presence of voice pitch in the vocal signal nevertheless increases accurate size
perception, in part by providing a strong carrier signal for formants. Determining the
physical and perceptual mechanisms (misattributions or otherwise) underlying vocal
indices of body size is essential to understanding signaler-receiver psychology as well as,

more broadly, the origins and functions of animal vocalizations.
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CHAPTER 4

Low 1S LARGE: PITCH INTERACTS WITH SPATIAL CUES IN SIZE PERCEPTION

Pisanski, K., O’Connor, J.J.M., Tigue, C.C., & Feinberg, D.R. Low is large: Pitch
interacts with spatial cues in size perception (under review). Submitted July 8, 2014

to Cognition. 1-21.

Permission to reprint will be obtained from Cognition if the submitted paper is accepted

for publication.

Preface

In addition to associating low voice pitch and low formants with large body size
(see Chapter 3), studies have also shown that listeners associate low-frequency sounds
with largeness more generally. This is true even if the low-frequency sounds are
abiological such as synthesized or musical tones or sounds produced by large objects
colliding (Charlton et al., 2013a; Grassi, 2005; Eitan & Timmers, 2010; Huron, Kinney,
& Precoda, 2006). Additionally, low pitch is associated with low spatial locations and
high pitch with high spatial locations (Pratt, 1930; Walker, 1987). Many researchers have
hypothesized that perceptual associations between low vocal frequencies and large size

may represent a general bias that affects perception in multiple domains (Morton, 1977;
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Ohala, 1984; Parise, Knorre, & Ernst, 2014; Pefia, Mehler, & Nespor, 2011; Pisanski et

al., 2012; Walker et al., 2010).

To date only one study has demonstrated that people conceptually associate
physically high elevations with largeness (Eitan & Timmers, 2010). This association is
likely to be grounded in reality, because the voices of relatively taller people will project
from higher elevations. However, because people in western culture also associate low
pitch with low elevation and largeness, size perception may represent a cross-modal
incongruence between high and large in the spatial modality, and low and /arge in the

auditory modality.

Low
Pitch

Low in Large

Space ,? Size

Figure 1. Perceptual associations among pitch, size, and spatial location. Solid lines represent
perceptual relationships established by previous studies. Dashed lines represent relationships that

to date have not been thoroughly investigated, and which I test in Chapter 4.
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In Chapter 4, I test whether low voice pitch causes listeners to erroneously
associate low spatial locations with large size (see Figure 1 above). The results of Chapter
4 provide novel insight into how perceptual biases, particularly those that may be
misleading, can affect body size estimation. Thus, in conjunction with the findings
presented in Chapters 2 and 3, this work represents yet another step toward understanding

why the perceptual association between pitch and body size exists at the within-sex level.
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Abstract

Incongruent cues from different sensory modalities pose a challenge for multimodal
integration. Although taller objects emit sounds from higher elevations, low-pitched
sounds are mapped cross-modally both to large size and to low elevation. Here we
examine this cross-modal perceptual incongruence between high and large in the spatial
modality, and /ow and large in the auditory modality. We measured listeners’ judgments
of human body size with pitch-manipulated voices projected from a high versus low, and
right versus left, spatial location. Following the Pratt Effect in sound localization, wherein
low-pitched tones projected from high elevations are perceived as originating low to the
ground, we predicted that low voice pitch would influence vertical but not horizontal
spatial cues to size. Indeed, lowered-pitch voices were judged as larger when originating
from physically low than high spaces, however size perception of raised-pitch voices was
not affected by elevation. Voices were also judged as larger when originating from the
right than left regardless of pitch. These effects were present for judgment’s of both men’s
and women'’s voices. Our findings provide novel evidence for a multidimensional spatial
mapping of pitch that is generalizable to voice pitch, and demonstrate that cross-modal
incongruence between pitch-size and pitch-height associations can cause errors of

multisensory integration in size perception.
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Introduction

Cross-modal sensory perception is fundamental for developing and calibrating
normal multisensory integration (Seilheimer, Rosenberg, & Angelaki, 2014 for review).
Although it is generally studied as a low-level perceptual phenomenon, multisensory
integration is likely to involve both low-level and high-level neurocognitive mechanisms
(Campanella & Belin, 2007; Seilheimer et al., 2014). Auditory pitch elicits strong cross-
modal associations with both spatial location and size that affect performance in
perceptual, cognitive, and attentional tasks (see Marks, 2000; Spence & Deroy, 2013 for
reviews) and that have been observed across cultures (Diffloth, 1994; Ohala, 1984; Ultan,
1978) and in infants as young as four months of age (Pefia, Mehler, & Nespor, 2011;
Roffler & Butler, 1968; Walker et al., 2010). Indeed, in many languages and in musical
discourse, pitch is regularly described relative to space and size using words such as high
and low, falling and rising, heavy and light, or thick and thin (Ashley, 2004; Dolscheid,

Shayan, Majid, & Casasanto, 2013).

In western English-speaking culture, low pitch is perceived as originating
vertically lower in physical space whereas high pitch is mapped to higher elevations,
commonly known as frequency-elevation mapping® (Eitan & Timmers, 2010; Evans &
Treisman, 2010; Mudd, 1963; Parise, Knorre, & Ernst, 2014). Low pitch is also
perceptually associated with large physical size and high pitch with small size regardless

whether the sounds are pure or complex tones, musical passages, or vocalizations (Bien,

% Although weaker than its vertical correspondence, low pitch is sometimes also mapped horizontally, but
the direction of the mapping varies across studies (see Eitan & Granot, 2006).
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ten Oever, Goebel, & Sack, 2012; Evans & Treisman, 2010; Feinberg, Jones, Little, Burt,
& Perrett, 2005; Huron, Kinney, & Precoda, 2006; Morton, 1977; Ohala, 1984; Pisanski,

Fraccaro, Tigue, O'Connor, & Feinberg, 2014).

In the context of vocal cues to body size, voices of taller individuals will project
from spatially higher elevations than those of shorter individuals. To our knowledge only
one other study has tested for an analogous perceptual association. Corresponding to the
physical relationship, Eitan and Timmers (2010) found that participants associated
spatially high objects with large size in a task that involved pairing antonyms (such as
large-small) with either high or low elevation. However, participants also associated low
pitch with large size. Taken together this poses a cross-modal incongruence (Spence,
2011) between high and large in the spatial modality, and low and /arge in the auditory
modality. No previous study has examined which of these cross-modal correspondences

prevail when spatial cues and pitch cues to size conflict.

The binding of cross-modally incongruent cues can cause errors in multimodal
integration and perception (Spence, 2011). A well-known example of the cross-modal
binding problem is the Pratt Effect (Pratt, 1930), in which the perceived spatial location of
pure tones is determined more by their pitch than their spatial elevation. Low-pitched
tones projected from high elevations are perceived as originating low to the ground.
Hence, auditory pitch cues override spatial cues in sound localization. The Pratt Effect
has been replicated many times (Bregman & Steiger, 1980; Cabrera, Ferguson, Tilley, &

Morimoto, 2005; Morimoto & Aokata, 1984; Roffler & Butler, 1968; Trimble, 1934).
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Pitch has also been shown to affect performance in visuospatial tasks that do not involve
explicit sound localization, for example, responding to high-pitched tones with down
responses on a keyboard (Rusconi, Kwan, Giordano, Umilta, & Butterworth, 2006). Low-
pitched sounds appear to affect spatial perception more than relatively high-pitched

sounds (Eitan & Granot, 2006; Eitan & Timmers, 2010).

In the present study we tested for the first time whether pitch interacts with spatial
cues in size perception. We measured listeners’ perceptions of human body size with
pitch-manipulated voices projected from a high versus low, and right versus left, spatial
location. Following the effect of auditory pitch on sound localization we hypothesized
that low pitch may override spatial height cues in the perception of body size. Thus, we
predicted that listeners would associate vertically high spatial cues with largeness for
voices with raised-pitch (where high pitch is mapped to high elevations, congruent to the
mapping of large size to high elevations), but vertically low spatial cues with largeness
for those same voices with lowered-pitch (where low pitch is mapped to low elevations,
incongruent to the mapping of large size to high elevations). In contrast, we predicted that

pitch would have no effect on size perception along the horizontal axis.

Methods

Participants

Forty-six participants (mean age: 19.5+1.6 years, all female) took part in the
experiment as raters, and 10 different participants (mean age: 18+0.3 years, 5 males, 5

females) provided voice recordings. All participants were recruited from the psychology
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undergraduate research pool at McMaster University, provided informed consent, and

received partial course credit for their participation.

Auditory Stimuli

We recorded voices in an anechoic sound-controlled booth using a Sennheiser
MKH 800 condenser microphone with a cardioid pick-up pattern. Content-neutral
recordings were of the five English monophthong vowels /a/, /i/, /¢/, /o/, and /u/. Audio
was digitally encoded with an M-Audio Fast Track Ultra interface at a sampling rate of 96
kHz and 32-bit amplitude quantization, and stored onto a computer as PCM WAV files

using Adobe Soundbooth CS5 version 3.0.

Pitch was raised or lowered by 10% from baseline using the Pitch-Synchronous
Overlap Add (PSOLA) algorithm in Praat version 5.2.15 (Boersma & Weenink, 2013).
This resulted in two versions (raised-pitch and lowered-pitch) of each original voice. The
PSOLA method alters one voice feature (e.g., pitch) while leaving other features unaltered
(Moulines & Charpentier, 1990). Our pitch manipulation corresponded to approximately
two times the just-noticeable difference in voice pitch perception (Pisanski & Rendall,
2011; Re, O'Connor, Bennett, & Feinberg, 2012) and size perception from voice pitch
(Smith & Patterson, 2005). Pitch-manipulationed men’s voices (M=SD, raised-pitch:
122+4 Hz; lowered-pitch: 99+3 Hz) and women’s voices (raised-pitch: 238+1 Hz;
lowered-pitch: 194+1 Hz) spanned natural ranges for each sex (Titze, 1989). The sound

pressure level (SPL) of each of the 20 stereo identically-channelled voice stimuli was
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amplitude normalized to 70 dB using the root—-mean squared method (see also Sound-

Pressure Level Check) and each voice stimulus was panned 100% left or right in Praat.

Sound-Speaker Array And Stimulus Playback

Four sound-speakers (19 cm Bose, Companion 2 series II multi media speaker
system, Canada) were positioned parallel on the wall in a symmetrical array (see Fig. 2).
The center of the array was positioned parallel with the center of the participants head
adjacent the array at a distance of 213 cm (7 feet) and 0° elevation and azimuth, such that
voices projected along the vertical axis would be perceived as coming from above or
below (16° elevation, 0° azimuth) and voices projected along the horizontal axis would be
perceived as coming from the left or right (16° azimuth, 0° elevation) of the participant’s
head. Head position was standardized using a mounted chin rest. The four sound-speaker
symmetrical array allowed us to manipulate the spatial location of voices along one axis
while holding the other constant. This design limited localization cues to either the
azimuth or elevation planes reducing the potential for sound-source confusion
(Middlebrooks & Green, 1991), and ensured that the distance from the participant and the

sound-source was the same for all four sound-speakers.

Auditory stimuli were played back through a computer via a THX TruStudio Pro
high-definition Sound Blaster at a sampling rate of 96 kHz and 24-bit DAC resolution
(Creative Technologies Ltd., Model SB1095, Singapore). The voices were played from
only one of two channels in each condition (vertical condition: high-low channel;

horizontal condition: left-right channel).
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Figure 2. Four sound-speaker array.

Sound-Pressure Level Check

Sound localization errors are minimized (3-5°) when the SPL of auditory stimuli is
70 dB or higher (Davis & Stephens, 1974). Thus, a sound level meter (Briiel & Kjer,
Type 2239, Denmark) was used to test the free-field SPL of voice stimuli projected from
each of the four sound-speakers at the location of the chin rest. Average free-field SPL
was 71.02 dB. Because louder sounds may be perceived as lower in pitch (Davis &

Stephens, 1974; Wier, Jesteadt, & Green, 1977) and as originating from a larger source
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(Walker, 1987), we confirmed that there were no perceivable differences in free-field SPL
(i.e., differences were <1 dB) between lowered-pitch (70.94 dB) and raised-pitch (71.1

dB) voices.

Procedure

The experiment was approved by the McMaster Research Ethics Board. It was
conducted in a private room in the Voice Research Laboratory at McMaster University.
Each participant completed the same protocol. Before beginning the experiment,
participants’ heads were positioned in a chin rest and their stool height was adjusted.
Once comfortable, participants were instructed to leave their head in the chin rest for the
entirety of the experiment. They were then instructed that they would hear a series of
voices and that their task would be to rate the body size of each person speaking on a
scale from 1 (“very small”) to 7 (“very large”). The experimenter then initiated the

experimental protocol on the computer and left the room.

Auditory stimuli were projected directly from the speakers mounted on the wall
(free-field). Participants were presented with a single voice on each trial and completed
40 trials in each of two conditions: a vertical condition in which each voice stimulus (10
raised-pitch, 10 lowered-pitch) was projected once from the high and once from the low
sound-speaker, and a horizontal condition in which each voice stimulus was projected
once from the left and once from the right sound-speaker. The experimenter implemented
one channel change manually in between conditions, which participants did not observe.

Experimenters were not visible or audible during testing. Condition order was counter-
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balanced between participants and the presentation of voice stimuli within each condition
was randomized, including sound-speaker side. Participants inputted size judgments and

their age into a custom computer interface using the numeric keypad of a keyboard.

Analysis

Average body size estimates were calculated separately for each subject for each
condition. We ran a repeated measures analysis of variance (dependent variable: body size
estimate [coded 1-7]; within-subject factors: pitch manipulation [raised-pitch, lowered-
pitch], axis [vertical, horizontal], and sound-speaker side [high, low or left, right] and sex
of voice [male, female]). We then created contrast variables by subtracting size judgments
between speakers on the same axis (high-low; left-right) and used planned paired-sample
and one-sample #-tests to examine significant effects revealed by the omnibus model

(dependent variable: contrast variable; alpha .05; 95% confidence intervals (CI) given).
p

Results

We found a significant three-way interaction among pitch manipulation, axis, and
sound-speaker side (F 45=8.54, p=.005, 1,°=.16). As illustrated in Fig. 3, size estimates
between high and low sound-speakers differed for the two pitch manipulations (#45=2.88,
p=.006; 95% CI=0.06—0.36). This pattern was observed for judgments of both men’s and
women’s voices (no sex of voice effect: t45=0.89, p=.40; 95% CI=-0.18-0.44). Thus,
collapsing across sex of voice, listeners associated vertically low spatial cues with
largeness for lowered-pitch voices (#45=2.94, p=.005; 95% CI=0.05-0.25) but not for
raised-pitch voices (t45=-1.03, p=.31; 95% CI=-0.19-0.06).
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In contrast, size estimates between left and right sound-speakers did not vary as a
function of pitch manipulation (#45=-1.22, p=.23; 95% CI=-0.25-0.06; see Fig. 3). Again
this pattern was observed for judgments of both men’s and women’s voices (#5=1.1,
p=28; 95% CI=-0.14-0.48). Thus, collapsing across sex of voice and pitch manipulation,
listeners associated horizontally rightward spatial cues with largeness (#45=3.94, p<.001;
95% CI=0.07-0.21). There was a significant interaction among sex of voice, axis, and
sound-speaker side (F 45=6.19, p=.017, n,°=.12), but sex of voice did not affect size
estimates along the vertical (z45=1.84, p=.073; 95% CI=-0.02—0.32) or horizontal axes

(t45=1.73, p=.091; 95% CI=-0.02-0.28).

We found several main effects that corroborate past work (see, e.g., Eitan &
Timmers, 2010; Feinberg et al., 2005; Pisanski, Mishra, & Rendall, 2012): an effect of
pitch manipulation, where lowered-pitch voices (M£SD =4.42+0.82) were judged as
larger than were raised-pitch voices (3.5+0.93; F; 45=414.97, p<.001, n,>=.90); sex of
voice, where men’s voices (4.39+0.82) were judged as larger than were women’s voices
(3.52+0.9; F145=76.5, p<.001, ,>=.63); and sound-speaker side, where voices projected
from the low (4.03+1.23) and right (4.07+1.24) sound-speakers were judged as larger than
were voices projected from the high (3.99+1.23) and left (3.97+1.23) sound-speakers

(F.45=9.82, p=.003, n,°=.18).

144



Ph.D. Thesis — K. Pisanski; McMaster University — Psychology, Neuroscience & Behaviour

g 0.2 * Lowered-Pitch

3 Raised-Pitch

S

o 01

o

(0]

N

(%)

5 0

C

Ke)

©

8

9 -01

<

5 |

o

“ 0.2 l

)

©

(0]

i

-0.3 ns

Vertical Axis Horizontal Axis
(High minus Low) (Left minus Right)

Figure 3. Mean difference + SEM in size perception between sound-speaker locations on the

vertical (high-low) or horizontal (left-right) axis.

Note. Dark and light bars represent size estimates for lowered-pitch and raised-pitch voices,
respectively, collapsing across sex of voice. Values below 0 indicate larger size estimates for
voices originating spatially low than high (vertical axis) or spatially right than left (horizontal

axis)(* p=.006; ns = p>.05).

Discussion

In everyday perception we are faced with the challenge of integrating cues across

multiple and often incongruent modalities. Here, we present the first evidence that the
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spatial location of the sound-source of a human voice alters the perceived size of the
vocalizer in both the vertical and horizontal dimensions. However, as predicted by the
Pratt Effect (Pratt, 1930), we show that auditory pitch influences the association between
elevation and size. Lowered-pitch voices were judged as larger when originating from
physically low than high spaces whereas raised-pitch voices were not. In contrast,
regardless of pitch, voices were judged as larger when originating from the right than left.
The magnitude of these effects was analogous for judgments of men’s and women’s

voices.

This work offers insight into the nature and scope of cross-modal associations
among voice pitch, space, and size. It demonstrates that pitch affects elevation perception
not only in sound localization (Bregman & Steiger, 1980; Morimoto & Aokata, 1984;
Roffler & Butler, 1968; Trimble, 1934), but also in an indirect spatial task involving size
estimation. Moreover, this finding indicates that the cross-modal correspondence between
low and large (in the auditory modality) can be stronger than the incongruent

correspondence between low and small (in the spatial modality).

Our study does not support the hypothesis that frequency-elevation mapping is
functionally adaptive such that it aids in locating the source of a sound (Parise et al.,
2014; Stumpf, 1883; Walker et al., 2010). Here, low voice pitch caused listeners to
associate low spatial verticality with large body size. This does not reflect the true nature
of the relationship in humans. Voices of taller people project from higher elevations than

do those of shorter people, and pitch does not reliably predict body size within sexes (for
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meta-analysis, see Pisanski et al., 2014). Indeed, in the absence of conflicting pitch cues,
listeners appropriately associate high elevations with largeness and low elevations with
smallness (Eitan & Timmers, 2010). Interestingly, smaller animals may sometimes emit
sounds from higher elevations than do larger animals (e.g., insects and birds compared to
large terrestrial mammals). Future studies may use the current paradigm to examine how

space and pitch interact to affect voice-based size perception of non-human animals.

Low pitch affected size perception along the vertical axis more than did high
pitch. Past studies also report strong associations between low pitch and low elevation but
weak or no associations between high pitch and high elevation (Eitan & Granot, 2006;
Eitan & Timmers, 2010). Thus our findings provide additional support in refutation of the
directional symmetry hypothesis (Eitan & Granot, 2006), and suggest that low frequencies
may elicit stronger cross-modal correspondences than high frequencies. This pitch
asymmetry also suggests that our findings cannot be explained by low-level interactions
(e.g., that low-frequency sounds transmit better from lower than higher space, Morton,
1977). However, these interpretations may be treated with caution because although we
controlled for the difference between physical and perceived frequency in the auditory
domain using a logarithmic scale, our treatment of height was linear. Thus lower
elevations may be perceived as further in magnitude from the azimuth (i.e., the

participant’s head) than higher elevations.

Ours is the first study to test for a horizontal association between size and space

and the first of its kind using human voices. Although some studies report horizontal pitch
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biases, low pitch is sometimes associated with the right and sometimes with the left (Eitan
& Granot, 2006; Eitan & Timmers, 2010; Mudd, 1963; Stewart, Walsh, & Frith, 2004). In
the present study listeners consistently associated the right with large size. Horizontal size
estimates may reflect semantic or numeric coding. For example, large numbers are
associated with rightward responses in various cognitive tasks (Dehaene, Bossini, &
Giraux, 1993). Another possibility is that our finding reflects hemispheric specialization
that develops through experience. This is supported by evidence of reversed horizontal
biases in people from cultures that read right-to-left (Maass & Russo, 2003) and among
musicians (Stewart et al., 2004). Furthermore, because 90-95% of men and women are
right-handed, the right sides of their bodies are typically stronger and larger than the left,
which may contribute to a right-large bias (Glinther, Biirger, Rickert, Crispin, & Schulz,

2008; Roy, Ruff, & Plato, 1994; Schell, Johnston, Smith, & Paolone, 1985).

Our study demonstrates that spatial correspondences with pitch, typically studied
with tones and music (Ashley, 2004; Eitan & Timmers, 2010), generalize to human voice
pitch. Whereas previous studies have used broad pitch ranges spanning 200-8000 Hz in
pure tone stimuli (see, e.g., Cabrera et al., 2005; Mudd, 1963; Parise et al., 2014; Pratt,
1930), we demonstrate that frequency-elevation mapping is elicited with subtle pitch
differences of only 20-40 Hz at pitch centers of 100-250 Hz. This supports the hypothesis
that pitch biases in body size perception may reflect a broader sound-size symbolism
(Morton, 1977; Ohala, 1984). We demonstrate here that pitch biases in spatial perception
are highly general and may contribute to errors in multisensory integration in a wide

range of contexts, including body size estimation.
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CHAPTER 5: GENERAL DISCUSSION

Relationships among physical body size, the voice, and perceptions of size from
the voice are multifaceted and complex. Biological, psychological, and cultural factors
can influence these relationships. In this thesis, I examined vocal production and
perception in relation to men and women’s body size. This work provides evidence that
reliable information about body size is present in the human voice and that listeners can
accurately assess size from the voice at the within-sex level. However, this work also
highlights that relationships between the voice and body size in humans are weak within
sexes and that perceptual pitch biases can be misleading in the context of body size
estimation. In what follows, I expand briefly on the findings, implications, and future

directions of each empirical chapter individually.

Formants Predict Size Better Than Does Fundamental Frequency

In Chapter 2, in a meta-analysis, | showed that fundamental frequency
significantly predicted height among men but not women, and weight among women but
not men. However, very large sample sizes were required for fundamental frequency to
reliably predict height or weight at the within-sex level. In contrast, a variety of formant-
based measures independently and reliably predicted height and weight in both men and
women with much smaller minimum sample sizes. Based on the results of the meta-
analysis, future studies should use VTL(AF) (Reby & McComb, 2003) to estimate men’s
height and women’s weight, F4 to estimate women’s height, and Pr (Puts et al., 2012a) to

estimate men’s weight from formants.
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The results of the meta-analysis provide the most conclusive evidence to date in
support of the hypothesis that formants are a more reliable predictor of body size, and in
particular of height, than is pitch in humans (Fitch, 1994, 2000a, 2000b; Fitch & Giedd,
1999). A similar pattern of results has been demonstrated in a number of other mammals
(see Fitch & Hauser, 2003 for review). The finding that formants, unlike pitch, reliably
predict height and weight in men and women suggests that selection could have operated
on vocal tract length and/or formant frequencies to reliably communicate body size.
However, the relationship between formants and size could be maintained even in the
absence of selection pressure, for example, due to anatomical constraints on vocal tract
length (Fitch, 2000a, b). As no more than 10% of the variation in height and 6% of the
variation in weight among men or women was accounted for by any given vocal measure,
the findings of Chapter 2 corroborate previous suggestions that vocal indicators of
physical size in humans are weak even when sex and age are controlled for (Gonzalez,

2004, 2006; Rendall et al., 2005).

As noted in Chapter 2, the possible theoretical implications of this work must be
considered with extreme caution. Human vocal and brain tissues do not fossilize, which
makes it difficult to discern when and why changes in human vocal anatomy took place
(Fitch, 2000a). It is equally difficult to determine whether vocal indicators of body size
are a direct product of selection on the vocal apparatus for the purpose of communicating
size or simply a byproduct, tracking variation in the size of a vocal apparatus that was
shaped by evolution for another purpose (Dawkins & Krebs, 1978; Ghazanfar & Rendall,

2008; Lieberman, 1968). Moreover, selection may operate on the voice to convey other
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socially relevant information in ways that may obscure vocal size communication.
Selection may, for instance, operate on vocal indicators of masculinity (e.g., via
testosterone’s effect on vocal fold mass and pitch: Evans et al., 2008) or on indexical
properties of the voice that allow for individual recognition (e.g., individual variation in

formants: Owren, 1996).

The results of Chapter 2 indicate that sample size can account for the majority of
the variation in results reported by past studies investigating relationships between the
voice and body. This finding has important practical implications. According to power
analyses, future studies need to use samples of no fewer than 99 men and 164 women to
estimate height from formants, or 618 men and 2140 women to estimate height from
fundamental frequency, with statistical confidence. To date, only one study has employed
an appropriately large sample size to estimate size from formants (although not large
enough to estimate size from fundamental frequency; n=176 men; Puts et al., 2012a),
whereas several studies have utilized samples of only 15 adults or fewer (Graddol &

Swann, 1983; Lass & Brown, 1978; van Dommelen & Moxness, 1995).

Cross-cultural research is important for a comprehensive understanding of human
behaviour (Henrich, Heine, & Norenzayan, 2010; Sue, 1999). In Chapter 2, | examined
vocal correlates of body size in studies with samples from a range of cultures. The meta-
analysis included 34 independent samples of adults from the countries Argentina, Bolivia,
Canada, England, Germany, Lebanon, Poland, Scotland, Spain, Tanzania, and the United

States of America. Chapter 2 revealed that relationships between fundamental frequency
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and physical height or weight were similar across these regions. The major implication of
this finding is that vocal indicators of size in humans may be largely unaffected by
ecological, environmental, and social factors. However, more research is needed in a
wider range of cultures and geographic regions to test this prediction. For example, future
work may further examine the reliability of vocal indicators of body size in populations
that are unusually short (e.g., pygmies of Central Africa whose average heights typically
range from 130 to 145 cm; Perry & Dominy, 2009) or unusually tall (e.g., see Collins
2000 for a study on men and women in the Netherlands, who measure on average 185 and

171 cm tall, respectively; Schonbeck et al., 2012).

Future studies may further examine the relative roles of fundamental and formants
frequencies in communicating size across the lifespan. To date, corroborating the results
of Chapter 2, a couple of studies indicate a significant negative relationship between
formants and body size in children and adolescents controlling for sex and age (ages 4-16:
Perry, Ohde, & Ashmead, 2001), but no reliable relationship between fundamental
frequency and body size in children controlling for sex and age (ages 5-11: Glaze, Bless,
Milenkovic, & Susser, 1988). However, Hollien (1994) reported a significant negative
relationship between fundamental frequency and body size in boys during, but not before

or after, puberty.

Future studies may also examine relationships among features of the voice other
than fundamental frequency and formants, and indices of size other than height or weight,

that to date have been examined in only a small number of studies with mixed results
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(Bruckert et al., 2006; Collins, 2000; Collins & Missing, 2003; Evans, Neave, & Wakelin,

2006; Gonzalez, 2007; Hamdan et al., 2012; Hollien & Jackson, 1973).

Listeners Use Both Formants and Pitch to Accurately Estimate Body Size

In Chapter 2, I established that fundamental frequency does not strongly predict
the physical height or weight of men and women. However, the results of Chapter 3
demonstrate that listeners nevertheless utilize both pitch and formants to estimate body
size. Although this finding is not novel (Bruckert et al., 2006; Collins, 2000; Feinberg et
al., 2005; Pisanski et al., 2012; Pisanski & Rendall, 2011; Smith & Patterson, 2005; van
Dommelen & Moxness, 1995), Chapter 3 presents the first evidence that pitch does not

lower the accuracy of listeners’ body size estimates.

Analogous to previous studies (Oliver & Gonzalez, 2004; Rendall et al., 2007),
listeners in Chapter 3 correctly identified the taller of two men approximately 60% of the
time from regular modal speech. Listeners could also assess the relative size of men from
natural whispered speech and synthetic three-formant sine-wave speech on a proportion of
trials significantly greater than what would be expected by chance alone, despite the
absence of voice pitch. Thus, Chapter 3 illustrates that listeners can accurately estimate
men’s relative body size from the voice in the presence and absence of voice pitch, as

well as from minimal formant information.

Critically, the first of three experiments in Chapter 3 showed that listeners were
significantly more accurate in assessments of men’s relative body size with modal speech

that contained fundamental frequency/pitch, than with whispered and sine-wave speech
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that did not contain pitch. This was true despite the absence of a physical relationship
between fundamental frequency and height in the male voice sample. The second
experiment confirmed that this effect was not due to a degraded whispered speech signal
because the perceptual association between low formants and large size was unaffected
by whispering. The third experiment showed that the facilitating effect of pitch on size
estimation was, at least in part, related to harmonic density. High harmonic density may
increase the salience of formants and allow listeners to more readily extract size-related

information from the voice.

Chapter 3 demonstrates that voice pitch facilitates rather than confounds the
accuracy of listeners’ size estimates. However, the harmonic density effect could only
explain a portion of the facilitating role of voice pitch in body size estimation. Moreover,
as illustrated in Chapter 4, perceptual pitch biases may still lead to inaccurate estimation
of body size in some contexts. Additional justifications for the perceptual association

between pitch and body size are considered below (see, e.g., Conclusion).

Many studies that have examined voice-based size estimation have used a cross-
sex design. These studies have typically examined women’s perceptions of men’s size
(Collins, 2000; Evans et al., 2006; Feinberg et al., 2005). Likewise in Chapter 3,
Experiments 1 and 3, voices were recorded from males and all listeners were female.
Although some voice perception studies report no effect of sex (Gonzalez, 2003; Pisanski
& Rendall, 2011; Re, O'Connor, Bennett, & Feinberg, 2012; Rendall et al., 2007; see also

Chapter 3, Experiment 2), other studies have found that men are better than women at
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assessing size from the voice (Charlton et al., 2013a; van Dommelen & Moxness, 1995)
or that listeners of both sexes are more accurate in estimating the size of men compared to
women (Rendall et al., 2007; van Dommelen & Moxness, 1995). Future studies should
use vocalizers and listeners of both sexes to further test the possibility of sex-specificity in

accurate size estimation.

Cross-Modal Perceptual Biases Influence Size Estimation

Many researchers have suggested that pitch is linked to size via a general
perceptual bias (Grassi, 2005; Hinton, Nichols, & Ohala, 1994; Morton, 1977; Ohala,
1983, 1984; Pitcher et al., 2013; Rendall et al., 2007; Ultan, 1978; Walker et al., 2010).
This type of association is also referred to as sound-size symbolism (Ultan, 1978). The
association between pitch and size does appear general. In many cultures, low-pitched
sounds are associated with largeness not only in body size perception (Ohala, 1983,
1984), but also in the perception of the size of shapes (Marks, 2004), inanimate objects
(Grassi, 2005; Marks, 2004), and musical scales (Huron et al., 2006). In reality, as
illustrated in Chapters 2 and 3, pitch and body size are not reliably related at the within-
sex level. Therefore, some researchers have suggested that the perceptual association
between pitch and size may explain why listeners associate low-pitched voices with large

physical body size (Gonzalez, 2006; Pisanski et al., 2012; Rendall et al., 2007).

In addition to large size, low pitch is perceptually associated with low spatial
orientation in many (Eitan & Timmers, 2010; Evans & Treisman, 2010; Mudd, 1963;

Parise et al., 2014) although not all cultures (Ashley, 2004). Here as well, researchers
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have suggested that the association between low pitch and low elevation is general and
functional (Parise et al., 2014; Stumpf, 1883; Walker et al., 2010). As illustrated in
Chapter 4, Figure 1, no previous study has tested whether pitch influences the perception

of size in space.

The goal of Chapter 4 was to investigate whether voice pitch affects the ability of
listeners to correctly use vertical spatial cues to gauge body size. The results of this work
indicated that in the absence of conflicting pitch information, listeners were more likely to
associate high versus low elevation with large size, corroborating past work (Eitan &
Timmers, 2010). However, listeners associated low elevation with large size for low-
pitched voices only. This effect may be due to the strong perceptual bias linking low pitch
to low elevation and large size (see Chapter 4, Figure 1). Listeners associated right spatial

locations with large body size irrespective of voice pitch.

Chapter 4 adds to a large body of literature on cross-modal correspondences (for
reviews, see: Marks, 2000; Seilheimer, Rosenberg, & Angelaki, 2014; Spence, 2011;
Spence & Deroy, 2013). However, this work presents the first evidence that pitch affects
size perception in vertical space and the first evidence of an association between
perceived largeness and horizontal spatial location. The key implication of the results of
Chapter 4 is that pitch biases may lead to errors in size estimation in some contexts. Thus,
while some researchers have suggested that associations between pitch and size or spatial
location may be functionally adaptive (Morton, 1977; Parise et al., 2014; Pefia et al.,

2011; Stumpf, 1883; Walker et al., 2010), for instance facilitating sound localization in

163



Ph.D. Thesis — K. Pisanski; McMaster University — Psychology, Neuroscience & Behaviour

natural scenes (Parise et al., 2014), the results of Chapter 4 indicate that the mapping of

low pitch to low elevation is not likely to facilitate accurate body size estimation.

Some studies report an effect of musical training on cross-modal pitch
correspondences (see, e.g., Stewart, Walsh, & Frith, 2004; Walker, 1987). Future studies
might examine whether musicians show a stronger association between low elevation and
large size for low-pitched voices for than do non-musicians, and whether pianists
associate the left rather than the right with largeness. Future studies may also examine
whether low-pitched voices are percieved as larger at lower elevations across cultures. For
example, comparisons might be made between cultures that typically associate low pitch
with lowness in space and large size (e.g., Canada) and cultures that associate low pitch
with highness in space and small size (e.g., the Manza of Central Africa; see Ashley, 2004
for review). Comparisons between musicians and non-musicians or across cultures will
help to clarify the degree to which cross-modal pitch biases are socially acquired or hard-
wired at birth (see Seilheimer et al., 2014 and Spence and Deroy, 2013 for recent debates
on this topic). Finally, a natural extension of Chapter 4 will be to examine whether cross-
modal incongruency between the visual and acoustic domains causes etrors in size

estimation.

Conclusion

The main findings from each empirical chapter of this thesis are, Chapter 2:
formants predict variation in physical height and weight among both men and women but

fundamental frequency is only weakly related to height among men and weight among
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women; Chapter 3: despite the lack of a robust physical relationship between fundamental
frequency and size, voice pitch facilitates accurate body size assessment by providing a
carrier signal for formants; Chapter 4: perceptual biases linking low-pitched voices to
largeness can interact with spatial information to influence and potentially confuse vocal

estimates of body size.

A key goal of this thesis was to gain insight into the paradoxical perceptual
association between low voice pitch and large body size within sexes. My results suggest
that there may be several non-mutually-exclusive explanations for this association.
Chapter 2 suggests that the association may reflect a direct albeit very weak relationship
between fundamental frequency and height in large samples of men or fundamental
frequency and weight in large samples of women. Chapter 3 suggests that the association
may reflect an indirect relationship between pitch and size, wherein low-pitched voices
enhance the salience of formant-based indicators of body size. Finally, Chapter 4 suggests
that the association is also likely to reflect a cross-modal perceptual bias that links low
frequency sounds to perceptions of largeness and low elevation in a wide array of

contexts.

This thesis examined vocal communication of body size in humans. Body size is a
strong candidate for investigations of vocal social indicators namely because size can
influence social and reproductive outcomes in many species (Peters, 1986), and in many
traditional and modern human cultures (see, e.g., Courtiol, Raymond, Godelle & Ferdy,

2010; Judge & Cable, 2004; Monden & Smits, 2008; Yancey & Emerson, 2014; but see
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also Sear, 2011; Sear & Marlowe, 2009). However, research in the past twenty years has
uncovered a complex web of information in nonverbal features of the human voice. The
human voice can convey emotion and meaning (Gobl & Ni Chasaide, 2003), but far
beyond this, the voice can provide reliable information about a variety of physical,
endocrinological, and psychosocial qualities that may be evolutionarily relevant (for
reviews, see: Feinberg, 2008; Kreiman & Sidtis, 2011; Owren, 2012; Pisanski &
Feinberg, 2013). A person’s voice can also have real societal consequences, affecting, for
example, whether that person is hired for a job (Anderson, Klofstad, Mayew, &
Venkatachalam, 2014; DeGroot & Motowidlo, 1999) or earns votes as a political leader
(Tigue, Borak, O'Connor, Schandl, & Feinberg, 2012). It is now becoming increasingly
evident that the human voice functions not only as the carrier of language, but also a

useful social tool.
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APPENDIX

Appendix 1: Equations for Chapter 2
Formant-Based VTL Estimates

For all derivations of formant structure, » is the total number of formants
measured (here, n = 4) and F; is the frequency of the ith formant in Hertz (Hz). Average

formant frequency (in Hz; Pisanski & Rendall, 2011) is given by

F,=- (A1)

Geometric mean formant frequency (in Hz; Smith & Patterson, 2005) is given by

n 1/n
mmw:([]E] (A2)
i=1

Formant dispersion (in Hz; Fitch, 1997) is given by

2(Fy=F)
D — =l A3
¢ 1 (A3)
Formant position (in Z(Hz); Puts et al., 2012a) is given by
2F
P = (A%)
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where F';is the standardized ith formant. Formant spacing (in Hz; Reby & McComb,
2003) was estimated by calculating the best fit for equation (A5) to the mean frequency of

each formant for each vocalizer, where

5 _Qi-D

AF AS
= (A3)

and where i refers to the formant number. We did this by plotting mean formant
frequencies for each individual vocalizer against (27 - 1)/2 increments of formant spacing,
where AF is equal to the slope of the linear regression line with an intercept set to 0 (see

Reby & McComb, 2003).

Apparent vocal tract length derived from mean formants (in cm; adapted from Fitch,

1997; see also Titze 1994) is given by

3 (2i-1)c/4F)

VIL(F)=+= (A6)
n

where i refers to the formant number and c is the speed of sound in a uniform tube with

one end closed, i.¢e., the vocal tract (¢ = 33 500 cm/s).

Apparent vocal tract length derived from formant spacing (in cm; Reby & McComb,

2003) is given by

VIL(AF) =ﬁ (A7)

189



Ph.D. Thesis — K. Pisanski; McMaster University — Psychology, Neuroscience & Behaviour

where ¢ = 35 000 cm/s, and AF was estimated using the method described above. Finally,
using our previously unpublished data, we performed a confirmatory factor analysis
(CFA) with a maximum-likelihood estimator to derive a formant-based latent variable. In
each model the observed variables were 7 (the period of the wave for each of F1-F4,
where 7; = 1/F;), computed separately for each vocalizer and each vowel (‘ah’/a/, ‘ee’/i/,
‘e’/e/, ‘oh’/o/ and ‘00’/u/). A separate factor analysis was performed on each sex (N = 264
males, 326 females). The latent variable resulting from this model reflects the shared
variance across all formants within each vowel, approximately 90% of which is related to
vocal tract length, and thus produces a factor score for each vocalizer that corresponds to
his or her height (Turner et al., 2009). Factor scores were averaged across the five vowels

for each vocalizer.

Mean Weighted Correlations

We derived r as follows. For each of the 295 voice—size correlations, we first
calculated a standardized effect size and its standard error using Fisher’s r-to-z
transformation, as given by

ES, =051 ”—rj (A8)

1-r
(A9)

where 7 is the original reported Pearson correlation coefficient and # is the size of the
corresponding sample. Next, we weighted each effect size by an index of its sample size,
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giving more weight to effects derived from larger samples, and averaged across weighted

effect sizes for each type of voice—size relationship.

The average weighted standardized effect size and its standard error are given by:

— 2 (WiESZ, )

ES; = =5, (A10)

SE— =

1
B, e All
S \/27 (A11)

where w; is the weight corresponding to the ith sample,

1
W, =" 2 (A12)
SE s,
Finally, we transformed the average weighted effect sizes back to Pearson correlation

coefficients using Fisher’s z-to-r transformation to obtain mean weighted correlations, 7,

and corresponding standard errors as given by

_ eZFSz _1

r =—e2m ") (A13)
28E7, -1

SE. =, (A14)
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Confidence Intervals For Mean Weighted Correlations

Lower and upper 95% confidence intervals for mean weighted correlations were

first estimated from average standardized weighted effect sizes, as given by

ﬁz(loufer) = Eg - Z(l—a) (SER/ ) (AIS)

ESZ(upper) = ES"' Z(l—a) (SE}TS/ ] (A16)
where Z, ,, = 1.96.

These confidence intervals were then transformed using Fisher’s z-to-r transformation to

correspond with 7, as given by

_ eZFSZlo»ver —_ 1

¥ lower =

eZﬁZlovver + 1 (A17)
_ eZESZupper _1
rl/i er S
PP o2ESruwer |1 (A18)

Meta-Regressions

In each meta-regression model, we treated the reported correlation coefficient for

each type of voice—size relationship as the dependent variable, weighted by
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|
(A19)

where 7; is the Pearson correlation reported by the ith sample, and

SE=1/\/n,~3 (A20)

where 7; is the size of the corresponding ith sample.
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Appendix 2: Supplementary Material for Chapter 2

Statistical Analysis of Meta-Data

Mean weighted correlations and meta-regressions.

The mean weighted correlation (7 ) is a reliable index of a population-level
relationship controlling for sample size (Lipsey & Wilson, 2001). We computed r for 26
types of voice—size relationships, for each sex independently and collapsing across sample
sex, for a total of 78 r measures. For each r, we computed its standard error, its
significance against a table of critical values (alpha = .05, two tailed) and 95% confidence
intervals. See equations A8—A18 in the Appendix for details. In addition, we performed a
series of weighted least squares regressions (henceforth, meta-regressions). In each
model, we treated the reported correlation coefficient as the dependent variable weighted
by the inverse of its standard error squared (an index of sample size, see equations A19—
A20). We included additional variables as fixed factors or covariates (see Results in main

text for details).

Power analysis.

We performed statistical power analyses to determine the minimum sample sizes
required to reliably obtain the mean weighted correlations that we derived, given an alpha
of .05 (the probability of a false positive or type I error) and a conservative power level of

.90 (the probability of a true positive), where beta is therefore .10 (the probability of a
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type II error; Cohen, 1988).
Funnel plots.

To assess the influence of sample size and to examine possible publication bias in
our sample, we created funnel plots for the two most frequently reported voice—size
relationships with the largest k: F—height and F4-height. The likelihood of detecting bias
using this method is high (Egger, Smith, Schneider, & Minder, 1997). Voice—size
relationships reported by studies with smaller sample sizes (lower on the y-axis) are
expected to vary more than those reported by larger studies, resulting in more scatter at
the base of the plot. Thus, where publication bias is absent, this expected pattern in the
spread of effect sizes will result in a symmetrical, inverted funnel-shaped plot. In contrast,
an asymmetrical funnel is suggestive of publication bias in the direction of the skew
(Egger et al., 1997). Data points that fall outside of the confidence intervals are flagged as

outliers and potential sources of bias.

We calculated the average weighted standardized effect size ( ES., see equation
A10) for the centre summary line using fixed effects meta-analysis (which is the preferred
method; see, e.g., Sterne & Egger, 2001) and 95% confidence intervals for each voice—
size relationship and each sex separately. The ES. for Fo—height relationships was

substantially stronger for samples of men (-.13) than women (-.07); therefore, we created
additional Fy—height funnel plots for each sex separately to avoid overestimating or

underestimating potential skew in the distribution of the data. The average unweighted
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effect size of F4—height relationships did not differ substantially between the sexes (-.27);

therefore, both sexes were plotted together.

To examine the influence of outliers, each outlier was removed sequentially

beginning with the outlier with the smallest weight in each plot. Each removal was
followed by recalculation of the ES. and confidence intervals (remaining outliers always
remained outside of the confidence intervals following this recalculation). The removal of

both outliers in Fig. 1b, representing F4-height relationships in men and women, had no

effect on the ES. (before removal: -.277; after removal: -.273). The removal of all three

outliers in Fig. 1c, representing Fo—height relationships in men, had no effect on the ES.
(before removal: -.127; after removal: -.129). Thus, because these outliers were
distributed fairly symmetrically in each plot and/or carried little weight, removing these

outliers did not change our average weighted effect sizes or confidence intervals.
Mean weighted voice and body size measures.

We derived weighted mean voice and body size measures for each sex by pooling
values reported by previous work with values derived from our new samples and
weighting the values by their corresponding sample size. We converted all available size
measures to the metric scale (cm and kg) and retained all voice measures in the Hertz
scale except for Py, which is represented on a standardized scale of Hertz (Z(Hz)), and
VTL(F;) or VTL(AF), which are reported in centimetres. We then multiplied each

measure by its corresponding sample size, summed across samples, and divided the
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summed value by the pooled sample size (N) for each given measure and sex. We did this
separately for samples in which body size was measured directly or was self-reported to
examine whether the two methods of measurement produced different mean height or

weight values.

Analysis of Previously Unpublished Data

We used several new data sets of voice and body size measures of adult men and
women to increase the pooled sample size of the meta-analysis. We measured men’s and

women’s heights, weights, F and formants.

Sample characteristics.

The data sets derived from eight samples (k) of vocalizers and a total of 700 (&)
adults: four samples from Scotland (UK1: n =43 men, 123 women; UK2: n = 34 men,
112 women), three from Canada (Canadal: » = 74 men, 118 women; Canada2: n =111

men) and one from Germany (Germany: n = 85 women).

Voice measures.

Methods of voice measurement and calculation were identical for all eight
samples of vocalizers and were performed in Praat (Boersma & Weenink, 2013). For all
samples, voice recordings were of the five vowels, /a/, /i/, /¢/, /o/ and /u/ (International
Phonetic Alphabetic notation), except for the UK1 sample, for which the vowels were

/el/, /i/, /al/, /o/ and /ju/. Measurements were taken from the steady-state portion of each
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of five isolated vowels per vocalizer, averaged within vocalizers, and then within sex and

sample to obtain mean values. See main text for additional details.

VTL estimates.

From the mean F1-F4 values we computed Fn, MFF, Dy, Py, AF, VTL(F)),
VTL(AF) and T (the period of the formant wave, for use in the confirmatory factor
analysis, CFA). Equations and methods used to compute these respective VTL estimates

are given in the Appendix (see equations A1-A7 in Appendix 1).

To date, the most widely used of these measures is D¢ (Fitch, 1997), which
calculates the mean distance between successive formants (see, e.g., Bruckert, Liénard,
Lacroix, Kreutzer, & Leboucher, 2006; Collins, 2000; Evans, Neave & Wakelin, 2006;
Feinberg, Jones, Little, Burt, & Perrett, 2005; Fitch, 1997; Gonzalez, 2004; Puts,
Apicella, & Cardenas, 2012). However, Dy has been criticized for mathematically
omitting differences related to F2 and F3 (Pisanski, Mishra, & Rendall, 2012; Puts et al.,
2012; Rendall, Kollias, Ney & Lloyd, 2005). Formant spacing, AF, is a measure of the
mean distance between formants that is derived by relating mean formant frequencies to
increments of formant spacing. This method has been used successfully to predict
variation in body mass among red deer stags (Reby & McComb, 2003) as well as to

investigate formant modulation in men and women (Cartei, Cowles, & Reby, 2012).

More recent formant measures used to estimate size in humans include mean

formant frequency, Fn, an average of the lower formants (Pisanski & Rendall, 2011),
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geometric mean formant frequency, MFF (Irino, Aoki, Kawahara, & Patterson, 2012;
Smith & Patterson, 2005) and formant position, P, an average of the lower formants
standardized using between-sex values (Puts et al., 2012). The measures VTL(F;) and
VTL(AF) are estimates of vocal tract length derived from mean formant frequencies and
formant spacing, respectively, that incorporate the speed of sound in the vocal tract’
(Fitch, 1994, 1997; Reby & McComb, 2003). Finally, formant pattern latent models (here
a confirmatory factor analysis, CFA) have been shown to control for vowel-based
variation in formants as well as noise related to potential measurement error, where such
error is present, and to produce factor scores that scale with vocal tract length and overall

body size (Turner, Walters, Monaghan, & Patterson, 2009).

7 Studies have used various speeds of sound (c) to estimate mammalian VTLs from formants,
including 335 m/s (in macaques: Fitch, 1997), 340 m/s (in humans: see Patterson, Smith, van Dinther &
Walters, 2008) and 350 m/s (in red deer: Reby & McComb, 2003). The speed of sound in air is around 335—
345 m/s, but in the warm and damp mammalian vocal tract, the speed of sound is estimated to be slightly
faster, about 350 m/s (Titze, 1994). Thus, 350 m/s is likely the most appropriate value to use when
estimating VTL.
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Figure Al. Bivariate Pearson correlations (r) between pitch (Fy) and height, or formants (any
formant-based estimate of vocal tract length, VTL) and height, within each sex as reported by past

studies (13 studies, k£ = 40 same-sex samples; M = samples of men, W = samples of women).

Note. A correlation of 0 indicates no relationship. The figure demonstrates the wide variation in
the direction and strength of previously reported voice—size relationships. See Tables A1 and A2
for additional details regarding each study sample (e.g., significance levels of correlations;

country, size and mean age of samples; and average voice and size measures of men and women)
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Table Al. Published studies measuring relationships between voice pitch (Fy) and height or weight within sexes

Study Location = Mean Mean height Mean Mean Fj Speech type pb Voice-size Meta®
age® (range) in weight (range) in relationship®
(range) cm (range) Hz
in years in kg
Men
Majewski, Hollien, Poland 103 21.7 174 68 138 Paragraph .07 ns Fy—height +
and Zalewski (17-28)  (160-1856)  (52-90)  (93-195) 202 ns  Fyweight +
(1972)
Hollien and US.A. 157 203 178 75 129 Paragraph ? ns Fy—height X
Jackson (1973) (1826)  (161-197)  (53-118) (93-178) ? ns  Fy-weight X
Lass and Brown US.A. 15 ~20.8 180 75 120 Sentence .30 ns Fy—height +
(1978) (~18-25) (172-188)  (61-101) (84-150) 16  ns  Foweight +
Graddol and Swann England 12 (~26-39) 178 72 114 Paragraph =71 o Fy—height +
(1983) (168-185)  (63-80)  (98-136)  (neutral) 31 ns  Fyweight +
122 Paragraph -.46 ns Fy—height +
(111-136)  (social) 35 ns  Fo-weight +
86 Vowel -.62 * Low Fy-height  x
(68-111) (lowest Fp) -.26 ns Low Fy—weight x
Kiinzel (1989) Germany 105 (~19-61) 178 78 116 Paragraph .16 ns Fy—height +
(166—195) .07 ns Fy—weight +
van Dommelen and Norway 15 26 184 81 114 Paragraph ? ns Fy—height X
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Study Location = Mean Mean height Mean Mean Fj Speech type pb Voice-size Meta®
age” (range) in weight (range) in relationship®
(range) cm (range) Hz
in years in kg
“Moxness (1995)  Norway 15 (23-32)  (171-191) (63-114) 114 ~ and words ? ns  Fy-height X
? ns Fy—weight X
Collins (2000) Netherla 34 22.4 (164-205) (51-89) Vowels ? ns PC°(harmonic X
nds (18—3 0) spacing)—
PC(size)
Gonzalez (2004) Spain 27 (~20-30) 177 76 Vowels -.25 ns Fy—height +
(160-189) (62-102) -22 ns Fo—weight +
Rendall, Kollias, Canada 34 ~23 184 85 113 Vowels -.33 ? Fy—height +
Ney, and Lloyd (~18-44) (isolated and
(2005) in words)
Bruckert, Liénard, France 26 24.2 (165-190) (60-90) Vowels ? ns PC(pitch)— X
Lacroix, Kreutzer, PC(size)
and Leboucher
(2006)
Evans, Neave, and  England 50 29.1 180 81 107 Vowels vl ns Fy—height X
Wakelin (2006) (18-68)  (165-195)  (3-111)  (76-160) 345 % Fyweight X
Gonzalez (2007) Spain 53 21.6 177 75 Vowel -25 ns Fy—height +
(20-27) (162-197) (52-102) -24 ns Min. Fy-height  x
-.26 ns Max. Fy-height x
-.14 ns Fy—weight +
-.09 ns Min. Fy-weight x
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Study Location = Mean Mean height Mean Mean Fj Speech type pb Voice-size Meta®
age” (range) in weight (range) in relationship®
(range) cm (range) Hz
in years in kg
-.16 ns Max. Fp-weight x
Sell,Bryant, US.A. 63 18.7 Sentence -.24 ns Fy—height +
Cosmides, Tooby, (18-22)
Sznycer, and von
Rueden (2010)
.01 ns Fy—weight +
50 20.2 Sentence -17 ns Fy—height +
(18-31) -.02 ns Fy—weight +
US.A. 54 19.9 Vowels A1 ns Fy—height +
(18-23) 18 ns Fy—weight +
Bolivia 49 35.8 Sentence -.09 ns Fy—height +
(19-68) .19 ns Fy—weight +
Argentina 20 34.8 Sentence -.19 ns Fy—height +
(15-71) -.13 ns Fy—weight +
Puts, Apicella, and  U.S.A. 176  20.1 179 79 111 Sentence -17 * Fy—height +
Cardenas (2012) (1826)  (159-197)  (53-132) 01 ns  Foweight +
Tanzania 32 162.5 51 115 Word -.20 ns Fy—height +
(146-179) (39-67) -.08 ns Fo—weight +
Hamdan, Al- Lebanon 40 242 179 80 120 Vowel -.05 ns Fy—height +
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Study Location = Mean Mean height Mean Mean Fj Speech type pb Voice-size Meta®
age” (range) in weight (range) in relationship®
(range) cm (range) Hz
in years in kg
* Barazi, Tabri, ~ Lebanon 40  (18-40)  (163-196)  (59-110) (84-158)  Vowel -05 ns  Fy-height +
Saade, Kutkut, and 12 ns Fo-weight n
Sinno (2012)
Women
Lass and Brown, US.A. 15 ~20.8 168 59 197 Sentence -12 ns Fy—height +
(1978) (~18-25) (156-183)  (44-75)  (153-217) 26 ns  Fo-weight +
Graddol and Swann  England 15 (~26-39) 166 60 203 Paragraph -33 ns Fy—height +
(1983) (158-174)  (52-70)  (174-233) (neutral) 06 ns  Foweight +
208 Paragraph -.19 ns Fy—height +
(188-238)  (social) .01 ns  Fy-weight +
153 Vowel -20 ns Fy—height +
(126-183) (owestFo) 49 g F weight +
Kiinzel (1989) Germany 78 (~19-61) 167 61 211 Paragraph .001 ns Fy—height +
(155-179) .16 ns Fy—weight +
van Dommelen and Norway 15 25.5 169 63 216 Paragraph ? ns Fy—height +
Moxness, (1995) (20-36)  (155-180)  (51-72) and words ns  Fo-weight +
Collins and Spain 30 21.4 (156-178) (47-95) Vowels -.37 * PC(harmonic X
Missing (2003) (19-26) spacing)—
PC(size)
Gonzalez (2004) Spain 55 (~20-30) 164 58 Vowels 1 ns Fy—height +
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Study Location = Mean Mean height Mean Mean Fj Speech type pb Voice-size Meta®
age” (range) in weight (range) in relationship®
(range) cm (range) Hz
in years in kg
 Gonzélez (2004) 55 (~20-30) (150-187)  (41-80) ~ Vowels 1 ns  F,-height +
-.08 ns Fy—weight +
Rendall et al. Canada 34 ~23 168 64.4 204 Vowels 1 ? Fy—height +
(2005) (Nl 8—44) (isolated and
in words)
Gonzalez (2007) Spain 81 21.6 164 57 Vowels .06 ns Fy—height +
(20-27) (150-187) (40-80) .00 ns Min. Fy-height  x

.08 ns Max. Fy-height x

-17 ns Fy—weight +

-2 ns Min. Fy-weight x

-.05 ns Max. Fp-weight x

Sell et al. (2010) U.S.A. 50 18.8 Sentence -.13 ns Fy—height +
(18-22) -23 ns Fy—weight +

Studies are listed in order of year published for each sample sex. n: sample size; Fy: fundamental frequency.
*Where ‘~’ is indicated, age (mean and range) was collapsed across samples of men and women.

® Statistical significance of correlation coefficient (r): *p < .05; **p < .01; ? = not given; ns = nonsignificant.
‘Voice and size parameters are mean based unless otherwise specified.

4Studies included in the meta-analysis are indicated by ‘+’; those not included are indicated by ‘x’ (see main text for exclusion criteria).
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¢PC: principal component measures were used in regression.

"Partial correlation controlling for age (where age and F, were correlated, r = .43).
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Table A2. Published studies measuring relationships between formants (VTL estimates) and height or weight within sexes

Study Location n Mean Mean Mean Mean Speech r pb Voice-size Meta®
age” height weight formant type relationship®
(range) (range) in (range) measure
in years cm in kg
Men
Greisbach Germany 43 (19-40) 182.1 Vowel .10 ? Fl1-height +
(1999)
(165-200) -.20 ? F2-height +
-.44 *x F3-height +
-.39 ok F4-height +

-.46 ok F3+FA-height X

Collins (2000) Nether- 34 22.4 (164-205) (51-89) Vowels ? ns PC°(F;, Dy)— X
lands PC(size)
(18-30)
Gonzalez Spain 27 (~20-30) 177 76 Vowels -.10 ns Fl-height +
(2004)
(160-189)  (62-102) -4 * F2-height +
-32 ns F3-height +
-23 ns F4-height +
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Study Location n Mean Mean Mean Mean Speech r pb Voice-size Meta®
age” height weight formant type relationship®
(range) (range) in (range) measure
in years cm in kg
-.20 ns Fl-weight +
-.10 ns F2—weight +
-.18 ns F3—weight +
-33 ns F4—weight +
29 (~20-30) 177 74 Paragraph  -.15 ns F1-height +
(162-189)  (62-102) -.30 ns F2-height +
27 ns F3-height +
.02 ns F4-height +
.05 ns Dy —height +
.19 ns Fl-weight +
21 ns F2—weight +
.06 ns F3—weight +
33 ns F4—weight +
32 ns D¢—weight +
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Study Location n Mean Mean Mean Mean Speech r pb Voice-size Meta®

age” height weight formant type relationship®

(range) (range) in (range) measure

in years cm in kg
Rendall, Canada 34 ~23 184 85 F1-F4 = Vowels -45 ? Fl-height +
Kollias, Ney, 468, 1431, (isolated
and Lloyd (~18-44) 2505,3468  and in -37 7 F2-height +
(2005) (in Hz) words) .

-22 ? F3-height +
-.58 ? F4-height +

Bruckert, France 26 24.2 (165-190)  (60-90) Vowels -.36 T PC(F1, F4, X
Liénard, Dp)—PC(size)
Lacroix,
Kreutzer, and
Leboucher
(2006)
Evans, Neave, England 50 29.1 180 81 D¢=1652 Vowels -.32 * D¢ —height +
and Wakelin (in Hz)
(2006) (18-68) (165-195)  (63-111) -43 ok D¢weight +
Sell, Bryant, U.S.A. 54 19.9 Vowels -.36 * Dy¢-height +
Cosmides,
Tooby, (18-23) .04 ns De—weight +
Sznycer, and
von Rueden
(2010)
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Study Location n Mean Mean Mean Mean Speech r pb Voice-size Meta®
age” height weight formant type relationship®
(range) (range) in (range) measure
in years cm in kg
Puts, U.S.A. 176 20.1 179 79 F1-F4 = Sentence -.02 ns D¢height +
Apicella, and 434, 1456,
Cardenas (18-26) (159-197)  (53-132) 2442, 3390; -24 o Peheight +
(2012) D¢=986 (in 01 D ight +
Hz): Py = - - ns —weig
0.85 (in 23 **  Prweight +
Z(Hz))
Tanzania 32 163 51 F1-F4 = Word -11 ns Dy¢-height +
418, 1286,
(146—179) (39—67) 261 1, 3591; -.38 * Pf—height +
D¢=1059 .
- +
(in Hz): Py = .04 ns D¢—weight
- 0.80 (in -39 * Prweight +
Z(Hz))
Women
Greisbach Germany 48 (~19-40) 169 Vowel .09 ? Fl-height +
(1999)
(153-183)
-22 ? F2-height +
-.46 ok F3-height +
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Study Location n Mean Mean Mean Mean Speech r pb Voice-size Meta®
age” height weight formant type relationship®
(range) (range) in (range) measure
in years cm in kg
-.40 ok F4-height +
-.49 ok F3+FA-height X
Collins and Spain 30 21.4 (156-178)  (47-95) Vowels -41 * PC(F4, F5, X
Missing Dy) —height
(2003) (19-26)
Gonzalez Spain 55 (~20-30) 164 58 Vowels -.08 ns Fl-height +
(2004)
(150-187)  (41-80) -51 o F2-height +
-.29 * F3-height +
-22 ns F4-height +
-.08 ns Fl-weight +
-47 ok F2—weight +
-.24 ns F3—weight +
-.24 ns F4—weight +
62 (~20-30) 163 58 Paragraph  -.04 ns Fl1-height +
(150-187)  (40-80) -.30 * F2-height +
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Study Location n Mean Mean Mean Mean Speech r pb Voice-size Meta®
age” height weight formant type relationship®
(range) (range) in (range) measure
in years cm in kg
-.34 *x F3-height +
-32 ok F4-height +
-.39 ok Dy¢-height +
-27 * Fl-weight +
-.34 *x F2—weight +
-.16 ns F3—weight +
-.19 ns F4—weight +
-.06 ns D¢—weight +
Rendall etal.  Canada 34 ~23 168 64 F1-F4 = Vowels -.10 ? F1-height +
(2005) 583, 1747, (isolated .
(~18-44) 2915, 4089 and in .00 ? F2-height +
in H d
(in Hz) words) 230 ?  F3-height +
-22 ? F4-height +

Studies are listed in order of year published for each sample sex. n: sample size; F1-F4: first to fourth formant; D¢ formant dispersion; Ps:

formant position.
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*Where ‘~’ is indicated, age (mean and range) was collapsed across samples of men and women.
® Statistical significance of reported correlation coefficient (r): Tp=.06; *p<.05; **p<.01; ? = not given; ns = nonsignificant.

‘Voice and size parameters are mean based unless otherwise specified.

4 Studies included in the meta-analysis are indicated by ‘+’; those not included are indicated by ‘x’ (see main text for exclusion criteria).

¢PC: principal component measures were used in regression.
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Table A3. Power analysis: minimum sample sizes required to reliably predict height or

weight from Fj or VTL estimates

Men Women All adults

r Minimum » r Minimum #n r Minimum »

Voice-height correlations

F, -0.13 618 -0.07 2140 -0.10 1047
F1 -0.13 618 -0.04 6563 -0.08 1638
F2 0.22 213 -0.19 287 -0.20 259
F3 -0.26 151 0.22 213 -0.24 178
F4 -0.30 113 -0.25 164 0.27 140
Fn -0.31 105 0.22 213 -0.25 164
MFF -0.28 130 -0.18 320 0.22 213
Dy -0.18 320 -0.24 178 -0.21 234
P; -0.29 121 -0.21 234 -0.25 164
AF -0.32 99 0.22 213 -0.26 151
VTL(F,)  0.24 178 0.17 360 0.20 259
VTL(AF)  0.32 99 0.23 195 0.26 151
CFA 0.30 113 -0.24 178 0.27 140

Voice-weight correlations

F, -0.03 11 671 -0.14 532 -0.07 2140
Fl1 -0.15 463 -0.08 1638 -0.11 864
F2 -0.09 1293 -0.22 213 -0.17 360
F3 -0.18 320 -0.16 406 -0.17 360
F4 -0.15 463 -0.24 178 -0.21 234
Fn -0.22 213 -0.23 195 -0.22 213
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Men Women All adults
r Minimumn#n Minimum 7n r Minimum 7n
MFF -0.24 178 0.20 259 -0.22 213
D¢ -0.10 1047 -0.21 234 -0.15 463
Py -0.25 164 -0.22 213 -0.23 195
AF -0.22 213 -0.21 234 -0.22 213
VTIL(F)  0.20 259 0.19 287 0.19 287
VTL(AF) 0.22 213 0.25 164 0.24 178
CFA 0.23 195 -0.16 406 0.19 287

n: sample size; I': mean weighted correlation coefficient; Fo: fundamental frequency; F1-F4: first
to fourth formant; Fn: average formant frequency; MFF: geometric mean formant frequency; D
formant dispersion; Py formant position; AF: formant spacing; VTL(F,): apparent vocal tract
length derived from mean formants; VTL(AF): apparent vocal tract length derived from formant
spacing; CFA: confirmatory factor analysis (factor scores). This table shows the results of power
analysis used to assess the minumum sample sizes required to obtain, with statistical confidence,
the corresponding mean weighted correlations reported here and in Table 1, where alpha = .05
(the probability of a false positive or type I error) and power = .90 (the probability of a true
positive). Substantially larger sample sizes are required to reliably assess body size from F

(shown in bold) than from formant-based VTL estimates.
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Appendix 3: Additional Data Tables for Chapter 3

Table A4. Height differences between men in vocalizer pairs used in Experiments 1 and 3

of Chapter 3
Group Male Pairs Height Difference Between Men in Pair
Mean + SD (cm)* Std. error (cm)  Range (cm)
1 1-15 7.87+6.13 1.58 0-19
2 16-30 7.6+6.22 1.61 0.5-21
3 31-45 7.06+5.05 1.30 0-16
4 46-60 7.13£5.37 1.39 0-18
All (1-4) 1-60 7.42+5.58 0.72 0-21

(one-way ANOVA, two-tailed: F55,=0.067, p=997).
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Table A5. Frequencies of men’s voices used as stimuli in Chapter 3

Vowel Fl (Hz) F2 (Hz) F3 (Hz) F4 (Hz) F,(Hz)®

a

n

Modal Speech

/a/ 720+63 1228+88 2496+195  3600+200 115+13
n 30 30 30 30 30

/il 297439 22454179  3030+179  3638+197 114+13
n 30 30 30 29 30

/e/ 579+66 1744142  2535+£160 3274212 111£13
n 30 30 30 30 30

/o/ 480+46 974+67 2434+157  3273+175  109+12
n 30 30 30 30 30

// 338+34 1070159  2246+266  3272+187  108+12
n 30 30 30 30 30
All° 483+29 1453+78 2549+118  3461+132 112+12
Whispered Speech

/a/ 945+77 1435154  2622+143  3584+188

n 30 30 30 30

/il 438+77 2387+199  3018+222 37634258

n 13 28 27 28

/e/ 766+86 1892+185  2653+146  3615+189

n 30 30 30 29

/o/ 702+89 1121496 2582+164 33794200

n 24 28 28 28

// 438+73 1236219  2469+191 33844219

n 20 29 29 29

All° 724+£104  1617+135  2666+133  3548+157
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F1 - FA=first to fourth formant; Fy = fundamental frequency; Hz = hertz. Means + standard
deviations of the first four formants and the fundamental frequency (voice pitch) of each of
five vowels measured from men’s modal or whispered speech.

*  n=number of men’s voices included in calculating the mean voice measure.
Averaged across all five vowels.

C.

Whispered speech does not contain F,
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Table A6. Average measures of formant structure and voice pitch, and the degree to which

each predicted relative height among vocalizer pairs in Experiments 1 and 3 of Chapter 3

Mean SD Predictive of relative
height

Formants
Fn 1986.4 Hz 65.73 Hz 61.1% (33 of 54)
VTL 17.80 cm 0.68 cm 63% (34 of 54)
P; -0.85 F' 0.32 F' 61.1% (33 of 54)
Dy 992.87 Hz 44.64 Hz 70.4% (38 of 54)
MFF 1576 Hz 58.27 Hz 63% (34 of 54)
Pitch
Fy 112.07 Hz 11.83 Hz 51.9% (28 of 54)
Pitch (semitones)  81.6 cents 2.11 cents 55.6% (30 of 54)
Pitch (mel) 102.55 mel 12.14 mel 53.7% (29 of 54)
Pitch (ERB) 3.34 ERB 0.37 ERB 53.7% (29 of 54)

Fn = average formant frequency; VTL = apparent vocal tract length; P¢ = formant position; Dy
= formant dispersion; MFF = geometric mean formant frequency (see equations 1-5); Fp =
fundamental frequency; ERB = equivalent rectangular bandwidth; Hz = hertz; F' =
standardized formant. Means + standard deviations of voice measures taken from » = 30 men.
% The percentage (and number) of vocalizer pairs in which the voice measure predicted the
relative difference in height between men (i.e., the taller man had relatively lower formants [or

longer VTL] or lower pitch than did the shorter man), based on 54 vocalizer pairs whose

difference in height exceeded 0.5 cm.
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Table A7. Average formant differences in modal and whispered speech between men

in vocalizer pairs used in Experiments 1 and 3 of Chapter 3

Formant Speech type Mean difference” r P’
+ SD (Hz)

Fl1 Modal -3.56+36.25 1.486 .143
Whispered -25.1+143 4

F2 Modal -38.43+89.32 0.069 .945
Whispered -40.22+177.48

F3 Modal -23.39+168.78 2316 .024*
Whispered -80.95+166.77

F4 Modal -79.76+173.99 -0.436 .665

Whispered -68.31+218.85

F1 - F4= first to fourth formant; Hz = hertz. Means =+ standard deviations of the relative
formants (first to fourth) of men in vocalizer pairs taken from either modal or whispered
speech (n = 54 pairs), and results of paired sample #-tests comparing relative formants between
modal and whispered speech types.

Differences in men’s F'1 - F4 within each pair were calculated by subtracting the F; of the
shorter male in the pair from the corresponding Fj of the taller male in the pair, such that
mean differences below 0 reflect relatively lower Fj in the taller male.

Results of paired sample #-tests (df=53, two-tailed) indicate that men’s relative F'1, F2, and
F4 were no different for modal and whispered speech. Differences in 3 between men were
greater for whispered than for modal speech but were in the predicted direction (the taller
man had lower F3 than the shorter man). Thus, any differences in relative formants across

speech types could only have improved listeners’ accuracy from whispered speech and
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whispered SWS compared to modal speech, and therefore cannot account for listeners’
poorer performance from whispered and SWS compared to modal speech in Experiment 1.

*p<.05, two-tailed paired sample ¢-test.
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Table A8. Relationships among five different measures of formant structure taken from men’s modal or whispered speech in

Chapter 3

Speech type Modal Whispered
Fm(:fsljf; VTL P Dy MFF Fn VTL P Dy MFF
Fn -909%%  925%k  g4TH* Q3 AGTEY _401*  A447* 555%% 3357
VTL -998%%  _575%%  _ 9QQk -433%  391% -420%  -421% 3457

Modal P; 601%% 994k A440%  -394%  427% 439% 3197

Dy 56%% AG8**  _404%  445% 610%* 350"
MFF A3%E U3092% 40 A42% 347"
Fn -969%%  998%k  456% 958**
VTL -979%% 3067 -992%*

Whispered
Ps 410% 973%*
Dy 237

Fn = average formant frequency; VTL = apparent vocal tract length; P; = formant position; D¢ = formant dispersion; MFF = geometric
mean formant frequency (see equations 1-5). Pearson correlation coefficients (r) are given in each cell, » = 30 men per cell.

* p<01, * p<.05, T p<.1, two-tailed bivariate Pearson correlations.
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Table A9. Relationships among four different measures of voice pitch taken from men’s

modal speech in Chapter 3

Pmi:;};ure Fy semitones mel ERB
Fy .988** 999 998+
semitones 993 995
mel 999
ERB

ERB = equivalent rectangular bandwidth; F,= fundamental frequency.
Pearson correlation coefficients (r) are given in each cell, » = 30 men per cell.

** p<.01, two-tailed bivariate Pearson correlations.
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Appendix 4: Audio S1-S4 Captions for Chapter 3

Audio S1. Modal speech: Natural voiced speech originating from the same adult
male as Audio S2-S4 (age 18, 187 cm tall, average modal Fy = 103 Hz, F1 — F4 = 532,
1600, 2650, 3392 Hz, respectively). The male is speaking a series of five English

monophthong vowels, /a/, /i/, /¢/, /o/, and /u/. See also Figure 1.

Audio S2. Whispered speech: Natural unvoiced speech originating from the same

adult male as Audio S1, S3, and S4. The male is speaking a series of five English vowels.

Audio S3. Modal SWS: Synthesized modal three-formant sine-wave speech
originating from the same adult male as Audio S1, S2, and S4. The male is speaking a

series of five English vowels. Synthesized from natural modal speech.

Audio §4. Whispered SWS: Synthesized whispered three-formant sine-wave
speech originating from the same adult male as Audio S1-S3. The male is speaking a

series of five English vowels. Synthesized from natural whispered speech.
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