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Research on within-individual modulation of vocal cues is surprisingly

One contribution of 11 to a theme issue ‘Voice . . . -
scarce outside of human speech. Yet, voice modulation serves diverse

modulation: from origin and mechanism to functions in human and nonhuman nonverbal communication, from dyna-

social impact (Part )" mically signalling motivation and emotion, to exaggerating physical traits
such as body size and masculinity, to enabling song and musicality. The

Subject Areas: diversity of anatomical, neural, cognitive and behavioural adaptations

. . . . necessary for the production and perception of voice modulation make it
behaviour, cognition, evolution, neuroscience

a critical target for research on the origins and functions of acoustic com-
munication. This diversity also implicates voice modulation in numerous
Keywords: disciplines and technological applications. In this two-part theme issue com-
vocal control, voice perception, acoustic prising 21 articles from leading and emerging international researchers, we
highlight the multidisciplinary nature of the voice sciences. Every article

communication, evolution of speech, emotions,
addresses at least two, if not several, critical topics: (i) development and

music mechanisms driving vocal control and modulation; (ii) cultural and other

environmental factors affecting voice modulation; (iii) evolutionary origins
Authors for correspondence: and adaptive functions of vocal control including cross-species comparisons;
Juan David Leongémez (iv) social functions and real-world consequences of voice modulation;

and (v) state-of-the-art in multidisciplinary methodologies and technologies
in voice modulation research. With this collection of works, we aim to facili-
tate cross-talk across disciplines to further stimulate the burgeoning field of
voice modulation.

This article is part of the theme issue “Voice modulation: from origin and
mechanism to social impact (Part I)".
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1. Introduction

Vocal communication is widespread across tetrapod species. In many animals,
including humans, the nonverbal properties of vocal cues can indicate both
relatively static biological qualities of the vocalizer, such as sex, age and body
size. Importantly, vocal cues can also dynamically signal motivations and
emotions, such as aggression, fear, distress or pleasure. The vast diversity of
functions and environments in which vocalizations are used has led to diverse
anatomical, neural, cognitive and behavioural adaptations for their production
and perception, including a capacity for volitional voice modulation in some
species. However, while vocalizers in several species such as songbirds, ceta-
ceans and pinnipeds have developed the ability to voluntarily alter their
vocal output, existing research suggests that humans possess a remarkably
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advanced capacity for voluntary vocal control—one which
surpasses the abilities observed in other terrestrial mammals,
including extant nonhuman primates. While vocal control is a
necessary prerequisite for speech, it is also observed in
human nonverbal vocalizations, such as conversational
laughter, exaggerated roars of aggression or embellished
cries of pain. This suggests that voice modulation plays an
important role in both verbal and nonverbal communication
and may often confer social and reproductive advantages.

Indeed, a large body of research has demonstrated the
importance of nonverbal vocal parameters, such as voice
pitch (the perceptual correlate of fundamental frequency, f,)
and vocal tract resonances (formant frequencies), in indicat-
ing biologically relevant qualities of vocalizers (e.g. sex,
size, hormonal levels, dominance). This literature provides
compelling evidence that the human vocal apparatus has
been, at least partly, shaped by sexual selection, much like
the vocal organs of other mammals. Studying variation
between individuals in static vocal parameters has greatly
advanced our understanding of their probable evolutionary
origins and social functions. However, research on within-
individual voice modulation has to date been surprisingly
scarce, despite a promising interest and progressive rise in
empirical research on vocal control. Also problematically
most publications to date are scattered across thematically
diverse specialist journals, without localized compendia of
research. As a result, despite shared research interests, there
has been very little cross-talk across disciplines in the voice
sciences and many critical questions about the mechanisms,
ontogeny, social functions and phylogenetic roots of human
vocal behaviour remain unanswered.

The scarcity of research on within-individual voice
modulation is particularly surprising. This behavioural
phenomenon is present in a variety of animal species, is
of interest to many disciplines (e.g. biology, psychology,
ethology, anthropology, bioacoustics, communication studies,
linguistics), and is a crucial predictor of social outcomes.
Indeed, dynamic voice characteristics commonly affect the
perceptions and behaviours of listeners. For instance, in our
everyday (human) lives, voice features can elicit social stereo-
typing, including gender representations, that influence how
listeners perceive the speaker. These perceptions can in turn
affect important social decisions from who we vote for as a
leader, hire for a job or choose as a romantic partner. As sev-
eral studies in this issue show, the production and perception
of human voice modulation can depend on social context as
well as characteristics of the speaker and listener(s), and
studying these interacting social factors is imperative to
understand how voluntary (and sometimes deceptive) voice
manipulation can influence interpersonal and social out-
comes. Voice modulation also has implications for how
listeners (human, nonhuman animal or machine) recognize
speakers despite constant changes in their voice. Studying
within-individual changes in nonverbal vocal parameters is
thus necessary to develop effective voice recognition techno-
logy, automatic voice-based monitoring devices and voice
resynthesis tools that currently depend too heavily on
ostensibly stable speech parameters.

With this theme issue, we therefore aim to provide a
comprehensive overview of current research on vocal com-
munication, focusing on voice modulation. The issue serves
to synthesize knowledge from multiple disciplines, while
highlighting important open questions to direct ongoing

research and advance the voice sciences: When did vocal con-
trol originate in our ancestral lineage, and when and how
does it emerge during ontogeny? What neural, anatomical
and sociocultural factors shape its development and use in
humans and other animals? What diverse functions does
voice modulation serve, from nonverbal communication, to
speech, to musicality? and how does human voice modu-
lation influence the perceptions and behaviours of listeners,
potentially to the benefit of the signaller, the receiver or both?

This two-part issue, comprising 21 articles, represents a com-
prehensive and multidisciplinary synthesis of research and
theory that seeks to: (i) establish the study of within-individ-
ual, in addition to between-individual, acoustic properties in
nonverbal communication; (ii) integrate the empirical and
theoretical literature; (iii) promote cross-talk across scientific
disciplines including biology (anatomy, physiology, neuro-
logy), psychology (cognitive, developmental, cross-cultural,
experimental, social), ethology (including primatology),
anthropology, bioacoustics, communication studies, linguis-
tics and the computer sciences, with the aim to establish a
comparative framework in acoustic communication research;
and finally, (iv) underscore the state-of-the-art in technologi-
cal applications of voice research. For this reason, we have
carefully selected contributions to cover five critical topics
where further investigation is notably needed:

(i) development and mechanisms driving vocal control

and modulation;

(i) cultural and other environmental factors affecting
voice modulation;

(iii) evolutionary origins and adaptive functions of vocal
control including cross-species comparisons;

(iv) social functions and real-world consequences of voice
modulation; and

(v) state-of-the-art in multidisciplinary methodologies
and technologies in voice modulation research.

Following our key aim to encourage cross-pollination between
scientific areas and highlight the multidisciplinary nature of
the field of voice modulation, both parts of this theme issue
contain theoretical and empirical contributions addressing at
least two, and often several, of the critical topics identified
above. Because of this, and more importantly to highlight
the crucial links across disciplines, the papers in this issue
are not grouped by topic. Instead, we identify the multiple
topics of each paper in brackets, after which each article is
briefly described in the order in which it appears in the issue
(which also corresponds to its citation number).

Both parts of this two-part issue begin by introducing the
state-of-the-art in voice modulation research with three
review papers. Hughes & Puts [1] (critical topics (ii), (iii)
and (iv)) cover the current knowledge on human voice modu-
lation in two fundamental and pervasive social contexts:
mating and intrasexual competition. The authors show how
altering acoustic parameters in speech, particularly voice
pitch (f,), can reveal biologically relevant qualities of the
speaker and can influence the social perceptions of listeners.



It can also serve as a salient medium for signalling a person’s
dominance, attraction to another and relationship status,
ultimately functioning to facilitate courtship success.

Taking a more mechanistic perspective, Belyk et al. [2]
(critical topics (i), (iii) and (v)) offer a comprehensive descrip-
tion of the dual larynx motor networks hypothesis,
describing the neural systems that underlie voice modulation
or vocal production learning in the human brain. They review
research that supports the existence of network-wide somato-
topy, and elegantly highlight how mapping the neural
systems of voice modulation can help researchers to uncover
how humans evolved the ability to speak. The third and final
review of Part 1 of this issue, by Matzinger & Fitch [3] (critical
topics (i), (ii) and (iii)), centres on the physiological mechan-
isms structuring speech modulation across human languages.
The authors demonstrate that identifying cues that are used
similarly across many human languages (probably owing
to a shared physiology in voice production and perception)
can help indicate which of these cues result from physiologi-
cal or basic cognitive constraints. Importantly, this approach
may also help to pinpoint which cues may be employed
more flexibly and are shaped by cultural evolution. This
review is focused on human languages owing to a lack of
much-needed data on nonhuman tetrapods, for which some
promising candidates for future investigation of cues to struc-
ture in vocalizations are suggested.

The remaining seven contributions in Part 1 are empirical.
Torres Borda et al. [4] (critical topics (ii) and (iii)) present evi-
dence of the early emergence of vocal plasticity in an aquatic
mammal, the infant harbour seal. Their results show that
these pinniped pups, known to be capable of vocal learning in
adulthood, can already modulate calls in response to noise at
one to three weeks of age. Seal pups modify their calls when
exposed to band-pass filtered noise that masks the typical
pitch (f,) range of conspecific calls. The results suggest that
the ability to modulate vocalizations may arise early in
development in mammals capable of vocal production learning.

From the perceiver’s side, past studies have shown that
changes in pitch, loudness and speed are linked to percep-
tions of emotion in vocal signals, but interestingly, also in
instrumental music. Bedoya et al. [5] (critical topics (i) and
(v)) take this one step further to show that voice-specific mar-
kers of emotion, such as vocal tremor, roughness and the
sound of smiling, can be applied to musical stimuli to
evoke analogous affective judgements. For example, musical
sounds manipulated to feature the acoustic signature of a
smiling voice are perceived as more positive, while musical
sounds perceived to include more roughness, like the
sounds of harsh screams, are perceived as relatively more
negative. The authors show that perceptions of these
emotions are similar across musicians and non-musicians,
suggesting that the voice-specific acoustic manipulations
tap into acoustic features that can be applied to potentially
any carrier sounds, to be perceived as emotional. Contribut-
ing further to the link between voice and music, Yan et al.
[6] (critical topics (i), (ii) and (iv)) provide a look into the
prevalence of parental vocal music directed towards infants,
showing that most parents sing to their young children
every day. Indeed, despite the increasing prevalence of tech-
nology in infants’ daily lives, singing appears to remain the
primary musical activity of mother-infant dyads. These
results are based on survey data collected from North Amer-
ican parents and a meta-analysis of research spanning three

decades. The authors also report that fathers sing less than
do mothers and, as infants grow older, parents sing less.
Nevertheless, the frequency of playing recorded music to
infants does not change with children’s age. This research
complements a large body of literature on infant-directed
speech or ‘motherese’, further implicating nonverbal voice
modulation as a critical vocal behaviour in parent-offspring
communication, from speech to singing.

Shifting from the social functions of soothing songs to agon-
istic threat displays, Kleisner et al. [7] (critical topics (ii), (iii) and
(iv)) show that volitionally produced human aggressive vocali-
zations (roars) predict several times more variance in the actual
physical strength of vocalizers than does speech. This was
shown in two understudied African societies, urban-living
Cameroonians and nomadic Hadza hunter—gatherers in Tanza-
nia, complimenting earlier results obtained from European
samples. Employing an innovative bottom-up, information-the-
oretic approach based on multimodal inference and averaging,
this research provides novel support that human nonverbal
vocalizations are homologous in form and function to those
of other animals. Indeed, like other mammal species, humans
produce roar-like vocalizations in competitive or combative
contexts such as sports and warfare that the current study
shows can exaggerate the physical strength of vocalizers, and
thus may function to signal threat and formidability.

How is this capacity to control our voices, often on demand,
mapped in the human brain? By simultaneously recording real-
time changes in vocal anatomy and functional changes in the
brains of trained singers and non-singer controls, Waters et al.
[8] (critical topics (i), (iii), (iv) and (v)) explore the behavioural
and neural correlates of laryngeal control, and their relationship
to vocal expertise. Anatomical studies have shown that the
human larynx receives innervation via direct connections
from the primary motor cortex to the nucleus ambiguous.
This pathway, sparser in other great apes and absent in mon-
keys, has been hypothesized to facilitate the speed and
precision of laryngeal control needed for speech and song.
Compared to controls, the results show that singers modulate
their speech in a vocal size and pitch imitation task more accu-
rately, and show stronger neural representations of larynx
height within a region of the right dorsal somatosensory
cortex. This research hints at a common neural basis for
enhanced vocal control in speech and song, and a possible
common neural substrate in the somatosensory cortex.

Given this remarkable precision and complexity of human
vocal control, another key question is whether listeners can
detect when others modulate their voices on purpose, and
what effect that might have on how those speakers are per-
ceived. Pinheiro et al. [9] (critical topics (iv) and (v)) test
whether authenticity mediates the affective and social
impressions that we form about others in two fundamental
nonverbal vocalizations: crying and laughing. The authors
show that listeners can often detect if someone is producing a
laugh or cry volitionally rather than spontaneously. Impor-
tantly, vocalizers producing ‘genuine’ spontaneous laughs
and cries are perceived as relatively more trustworthy and
more aroused than those producing volitional vocalizations.
This study shows that, despite the impressive control that
humans have over vocal output, modulated vocalizations
that do not sound authentic can alter listeners” social assess-
ments, with potentially detrimental effects for the ‘faker’.

In the final contribution of Part 1 of this issue, Winter et al.
[10] (critical topics (ii), (iii) and (iv)) rethink the frequency



code. The frequency code hypothesis posits that the cross-
modal association between low pitch and large size can
explain a wide range of communicative phenomena, such
as vocal modulation of pitch to signal dominance and defer-
ence, or to iconically depict small or large size. In a meta-
analysis of speech production experiments across multiple
languages (Korean, Japanese, Chinese, Catalan, Austrian
German, German, Russian), the results show that speakers
in these cultures lower, rather than raise, their voice pitch
when speaking to an imagined more powerful superior com-
pared to when speaking to an imagined friend or peer. In the
light of these surprising results, the authors call for a pluripo-
tential approach to the study of the frequency code and the
interpretation of pitch modulation, underscoring that a
speaker’s pitch modulation is often interpreted differently
depending on a wide range of contextual factors.

Like Part 1, the second part of this issue begins with three
review papers. Bringing together current voice research in the
neuro-behavioural sciences, Scott [11] (critical topics (i), (iv)
and (v)) emphasizes a need to broaden the kinds of vocal pro-
duction currently under popular study. Specifically, beyond
speech, the study of voice modulation in singing and nonverbal
vocalizations, and how this affects listeners’ perceptions of
speaker identity and social traits, promises to advance current
knowledge on the neural underpinnings of vocal control. This
is particularly relevant because the recruitment of right hemi-
spheric neural networks for vocal control varies across voice
modulation contexts. Following in this vein, Leongémez et al.
[12] (critical topics (i), (ii) and (iii)) propose a bold new model
for the evolution of musicality embedded in the context of
human voice modulation. The authors argue that the capacity
to process musical information was driven largely by its role
in solidifying human social relationships, such as bonds
between parents and offspring. In other words, musicality
was selected for in complex social environments. Notably, by
focusing on musicality, the proposed model allows for the
possibility that musicality may predate music. Moreover, along-
side evidence that vocal cues of expressivity also drive the
perception of emotion in music [5] and that pitch modulation
plays a role in human mating [1], the model illustrates that
musicality is important beyond the realm of music, playing a
role in domains like infant-directed speech [6,13], courtship
and other language abilities.

In the third and final review paper of this issue, Bryant [13]
(critical topics (ii) and (iii)) examines variation and potential uni-
versals in voice modulation across human cultures. The review
focuses on three key communication contexts: vocal signalling
of formidability/dominance, emotion, and infant-directed
speech. Far beyond a literature review, the author underscores
both the importance and the methodological or technological
challenges faced by researchers studying human behaviour out-
side of western, educated, industrialized, rich, democratic
(WEIRD) societies, including the great difficulty of adapting
standardized experimental protocols to diverse cultures.

While most extant research in the human voice sciences
still remains limited to WEIRD societies, there exists a growing
trend towards studying under-represented and small-scale
societies, as highlighted in this issue [7,14,15]. This is paralleled
by an increase in large-scale international collaborations that
combine data from diverse samples. In just such a study,

Cwiek et al. [14] (critical topics (ii) and (iii)) present the biggest
test of the bouba-kiki effect to date, showing that across 25
languages, most cultures associate the vocal sound bouba
with rounded shapes and kiki with jagged shapes. Because a
key question in the evolution and structure of language is
whether the sounds of words are linked to their meaning,
these results suggest that cross-modal correspondences
between vocal sounds and shapes could have influenced the
origins of certain words. In another cross-cultural study of
laughter perception, Kamiloglu et al. [15] (critical topics (ii)
and (iii)) compared data from Dutch and Japanese listeners.
Consistent with the results of Pinheiro et al. [9], the authors
show that listeners in both cultures judge spontaneous laughter
as more positive than volitional laughter. Moreover, they show
that listeners can identify whether laughs are produced
by someone from their own culture, showing that human
nonverbal vocal cues can encode cultural identity.

Cultural cues are important in human nonverbal communi-
cation, as are vocal indices of other socially relevant traits,
including gender. In a voice imitation task involving 8-10-
year-old boys and girls, Cartei et al. [16] (critical topics (i), (ii),
(iii) and (iv)) show that children spontaneously masculinize
or feminize their voices by lowering or raising their voice fre-
quencies, respectively, depending on whether they are
directing speech toward same-sex peers with stereotypically
masculine (rugby) or feminine (ballet) interests. Strategic
social voice modulation may thus emerge early in human
development, but does it change as we become older?
Tuomainen et al.’s [17] (critical topics (i), (ii) and (iv)) research
suggests that it does, specifically in the context of making our-
selves better understood. In a sample of individuals aged 8-80,
the authors found that older people modulate their voices more
than do younger people to overcome noise, and that people,
regardless of age, alter their voices more in response to back-
ground speech than to other kinds of background noise.

This theme issue leaves little doubt that humans are
capable of impressive voice modulation, strategically emplo-
yed for a broad range of functions from improving speech
intelligibility [17] to expressing biosocial traits, such as those
related to dominance, threat and formidability [7,13,18]. How
might such a complex capacity have arisen in the first place?
Employing a comparative framework, the three penultimate
papers of this issue provide insight into the origins and evol-
ution of vocal control. Pisanski ef al. [18] (critical topics (i),
(iii) and (v)) explore the possibility that vocal modulation for
body size exaggeration through the strategic manipulation of
individual vocal tract resonances (formants) may have con-
tributed to the origins of vocal complexity. While vocal tract
elongation for size exaggeration has evolved independently
in several vertebrate groups, the authors employ novel voice
resynthesis technology paired with psychoacoustic playback
experiments to show that smaller speech-like articulatory
movements that shift only one or two formants in animal
and human vocalizations can serve a similar yet less energeti-
cally costly size-exaggerating function. Their results point to a
potential evolutionary pathway from formant modulation for
size exaggeration, to formant modulation for vowel production
and ultimately, for articulated speech.

Across the animal kingdom, vocal size exaggeration is
indeed achieved through a variety of evolved behavioural or
anatomical adaptations, sometimes resulting in large devi-
ations from acoustic allometry, wherein animals sound larger
(or smaller) than expected given their actual body size.



Ravignani & Garcia [19] (critical topics (i) and (iii)) ask whether
such deviations can be predicted by the vocal learning abilities
of the species. Using a comparative phylogenetic and acoustic
analysis approach, their unexpected results show that multiple
species belonging to clades showing vocal production learning
do indeed deviate from allometric scaling, but in the opposite
direction to that expected from size exaggeration mechanisms.
Importantly, their approach may nevertheless allow research-
ers to identify species as potential vocal production learners,
wherein vocal learning is an important prerequisite for voice
modulation. Clearly, understanding commonalities in the
acoustics of animal vocalizations, including comparisons
between humans and our closest living primate relatives, can
provide insight into how speech evolved. Grawunder et al.
[20] (critical topics (i) and (iii)) show that the acoustic par-
ameters of chimpanzee hoos, grunts, screams and barks are
sufficient to discriminate the four call types, and that discrimi-
nation is similar when only using movements of vocal
articulators, coded from video data. Their results show that
while chimpanzees have functional use of a relatively wide
vowel space, including [u] and [a], which shows considerable
overlap with that of humans, they nevertheless do not produce
high front vowel-like sounds like [i] that are common in human
speech. The authors argue that chimpanzee vowel space use
appears larger than that of monkey species examined to date,
suggesting that expansion towards a human-like vowel space
continued through hominoid evolution.

Closing this theme issue with a look towards the exciting
but risky future of digital voice resynthesis, Guerouaou et al.
[21] (critical topics (iv) and (v)) address the ethics of expressive
vocal ‘deep-fakes’. In an experimental ethics study, participants
showed a high and broad acceptability of possible applications
of expressive voice transformation technologies that alter the
real vocal parameters of vocalizers, with only one general
exception: when consent is lacking on the part of the vocalizer.
Yet while the potential societal ramifications of voice resynth-
esis are not yet fully known, it is clear—as exemplified by
several experiments in this issue [5,8,18]—that emerging
voice resynthesis technologies are now giving researchers
unprecedented experimental control over vocal manipulations,
with the potential to revolutionize the future of voice sciences.

3. Concluding remarks

The 21 papers that comprise this two-part issue highlight the
breadth and diversity of research on voice modulation.

Beyond extensive scientific applications within the human
voice sciences and animal communication more broadly,
research in this area also has crucial practical applications,
from societal to technological. As the contributions to this
two-part issue show, dynamic voice production and percep-
tion form a regular part of our everyday communication,
whether physically ‘voice-to-voice’ or online and virtual.

To advance our understanding of vocal communication,
from origin and mechanism to social impact, a comprehen-
sive and panoptical view of the many phenomena involved
in voice production and perception is essential. We believe
that this necessarily must include the study of dynamic
within-individual voice modulation, not least because vocal
control is a necessary prerequisite for speech. Increasing dia-
logue and bridging the gap between disciplines is
paramount; it is only through interdisciplinary collaboration
that we will come to find a common terminology and defi-
nitions, ask the right questions, elaborate adequate and
viable methodologies, and see the bigger picture to, ulti-
mately, develop and test mature and robust hypotheses that
encompass the wide range of complex phenomena involved
in vocal modulation. In fact, by examining the biological
and behavioural mechanisms and functions of vocal control,
comparing across human populations and nonhuman animal
species, researchers are already beginning to reveal the aston-
ishing ubiquity and social consequences of within-individual
modulation of vocal signals, thereby providing new insight
into the evolution of speech, language, song and music.

Our goal is for this thematic issue to further inspire
researchers from diverse fields to look beyond traditional dis-
ciplinary boundaries, helping to cement a long-lasting,
interdisciplinary foundation for the field of voice modulation.
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