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Abstract

Language is a defining characteristic of being human; however, its nature and origin remain elusive.
One of the key aspects in the study of language is its biological framework, including the vocal apparatus.
Accordingly, in order to approach language from this particular biological perspective, it is necessary to
consider the morphological nature and evolutionary history of the human vocal tract. This paper chooses a
descriptive and comparative approach to the subject, considering evidence from four different sources:
vocal tract morphology and speech production in modern humans; differences between humans and
nonhuman primates as well as other mammals in terms of vocal tract morphology and vocalization;
maturation-derived differences between human infants and adults; and the emergence of humanlike vocal
tract morphology and speech production as seen in the fossil record. Drawing on all these sources of
evidence, the paper concludes that humanlike vocal tract morphology is essential for humanlike speech

production and thus language, and is unigue to Homo sapiens as a species.
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Introduction

Over the last few decades, the definition of being human has gradually changed, as
more and more characteristics once thought to be uniquely human began to be observed
in other extant animals as well as in the fossil record. Bipedalism definitively was
established to have been the primary mode of locomotion of early australopithecines with
the discovery of Lucy, a female Australopithecus afarensis, in 1974, and is now
speculated to extend back in evolutionary time as far as seven million years ago (mya) to
Sahelanthropus tchadensis (Conroy & Pontzer 2012). Additionally, bipedalism has been
observed in extant hominoid species such as chimpanzees, bonobos, gorillas, and gibbons
— albeit not habitual as it is in humans and their immediate ancestors. The presence of a
large and well-developed brain compared to that of other extant and fossil primates has
been known to modern science even before then with the discovery of Neanderthals in
1856 and their formal scientific description in 1864 by William King; that the trend
toward such a development was not restricted to the genus Homo alone, but instead
already emerging in earlier hominins was firmly established when Raymond Dart
described and named Australopithecus africanus in 1925 (Conroy & Pontzer 2012). Tool
use is also now known not to be exclusive to our species, having been observed in
chimpanzees (Goodall 1986), gorillas (Breuer et al. 2005), and orangutans (Galdikas
1982), as well as numerous other primate and non-primate species. Likewise, the
Oldowan industry — proposed by Louis Leakey in the 1930s (Leakey 1981) — gives
evidence that tool use is not a recent innovation in the human lineage either.

Despite these substantial changes in perception of what makes humans human, one

characteristic so far has been firmly upheld: language, which can be defined as the



communication of ideas and meaning via symbolic interaction. Humans are the only
animals known to habitually engage in broad-scale communication using language. This
uniqueness of human language as a form of vocalization is even more remarkable
because it is such a complex effort of employing a system of encoded, abstract symbols,
all for the sake of seemingly conveying trivialities most of the time (Desalles 2000) and
not actually “useful” information. While the influence of “trivial” communication in
terms of social bonding and the resulting long-term selective advantage stemming from a
well-developed social group setting should not be entirely disregarded, most of human
communication using language has no immediate impact on imminent survival.

While language itself is learned, the capacity as well as the drive to use it seems to be
biologically innate to humans (Lenneberg 1967; Crain 1991). This assumption is
supported by behavioral observations in human children. All infants are able to recognize
human voices in general as well as specific types of vocalization as soon as twelve hours
after birth (Mehler & Dupoux 1990; Aitchison 2000; Desalles 2000). Infants can pick up
the differences in phonation between different human languages around four days of age
(Mehler & Dupoux 1990). All children vocalize in the form of infant babbling beginning
a few months after birth; even children born deaf do so until around six months of age
(Lenneberg 1967). Finally, almost all children start using adult language, either spoken or
signed, around one year of age (Aitchison 2000), after which they are able to pick up
more than ten new words/meanings per day for a couple of years (Mehler & Dupoux
1990).

The natural mode of transmission for human language is speech, or vocalization (Fitch

2010), although human language is not exclusively restricted to it, as is evident in the



feasible use of sign languages; in fact, signed communication is often learned earlier by
infants than spoken communication (Desalles 2000; Fitch 2010). Additionally, written
communication is similarly effective as spoken communication in conveying information.
Nevertheless, speech — and not sign — is the default transmission mode of the
overwhelming majority of all human languages; similarly, all written languages are
merely graphic representations of either spoken or — occasionally — signed language. For
these reasons, speech’s fundamental importance for our species’ natural behavior points
toward a biological adaptive predisposition for vocalized language use, requiring the
ability to rapidly combine and/or rearrange many different sounds — phones — into words,
phrases, and sentences at a sufficient rate for effective communication to occur
(Nishimura et al. 2006) As such, human language must accommodate a vocal mode of
transmission, and in fact it does so. There are no phonemes — the smallest units of
meaning — in any human language that cannot be vocally expressed by humans; neither
are there any phonemes that can be vocally expressed but not auditorily perceived
(Lieberman 1975). Additionally, phones that are difficult to produce by a humanlike
vocal apparatus are universally rare in human languages; at the same time, the universally
most common phones are those that are easy to produce, sufficiently distinct from each
other, as well as acoustically stable (Lieberman 1975). Lastly, humans are capable of
producing as well as perceiving communicative vocalization at a much greater and
effective rate than any other living primate species (Lieberman 1991).

This natural predisposition to spoken language is indicative of an evolutionary trend
within the human lineage towards it, and the nature as well as time of emergence of

language and a hypothetical preceding protolanguage have been debated by scientists



from many different fields over the last few centuries. Models of language evolution
include a spontaneous, sudden appearance in evolutionary history once sufficient
morphological, neural, and behavioral preconditions had been met (Chomsky 1972); a
gradual emergence over time due to the retention of biological changes that proved to be
evolutionarily advantageous, as according to a classical Darwinist model of natural
selection (Lieberman 1975); and an extended oscillatory development of accelerated
bursts of language emergence followed by decelerated periods of evolutionary stasis,
which is closely inspired by the theory of evolutionary punctuated equilibria (Eldredge &
Gould 1972). Some authors have argued that protolanguage arose as early as in
australopithecines (Holloway 1983), others favor a time of appearance in early Homo
(Falk 1980; Aiello & Dunbar 1993), and still others believe it arose as late as the Upper
Paleolithic (Isaac 1976; Noble & Davidson 1991) and would thus have been exclusive to
Homo sapiens. Additionally, language has been proposed to originate from earlier modes
of primate vocalization (Steklis & Raleigh 1979; Dunbar 1993; Fitch & Hauser 1995) or
alternatively a system of gestural communication (Hewes 1973; Calvin 1992; Armstrong
et al. 1994). The latter theoretical perspective argues that neural prerequisites for fully
developed language use arose earlier than morphological ones, and protolanguage thus
relied on gestural communication using the hands instead of vocal communication
(Aitchison 2000). Supporters point to the importance of gesturing in modern human
communication as well as the full-fledged status of sign languages, while detractors argue
that gestural communication would have been evolutionarily inefficient due to the fact
that the hands are occupied during communication and cannot be used for other purposes

(Aitchison 2000).



As is evident from the diversity of theoretical perspectives concerning the nature of
language, no single factor in itself is likely to be entirely responsible for its evolution, and
many different approaches such as ethology, psychology, physiology, anthropology,
neurology, and morphology/anatomy need to be considered to attain a holistic model of
language emergence (Lieberman 1975). However, this does not necessarily mean that all
these approaches are tightly interconnected all the time; e.g., the fact that vocalization
and language are separate biological concepts has been known since 1861, when Pierre
Paul Broca discovered that damage to an area of the brain that has since been named
“Broca’s area” in his honor would prevent affected individuals from articulating
coherently, reading, and writing, but not from actual phonation such as singing (Broca
1861). As such, this literary review focuses on one particular approach to language,
namely the role of the morphological/anatomical nature of the human vocal apparatus in
speech production, as well as its evolutionary history. The paper is divided into four
thematically-organized sections. In section one, | first discuss the nature of modern
human language, both acoustically and articulatorily, and its morphological basis. Then,
in section two, | take a look at the vocalization of nonhuman primates, focusing on a
comparative approach concerning the types of vocalizations they naturally employ as
well as their capabilities of emulating humanlike language. 1 also consider some evidence
from non-primate animals, such as parrots. In section three, | then take a look at the
anatomical differences of the vocal apparatus between human infants and adults, as well
as the vocal tract’s maturation process and the changes accompanying it. Lastly, in
section four, I turn to the fossil record, comparing it to the morphology of adult modern

humans and infants, as well as nonhuman primates. Based on this evidence, | draw some



implications concerning language capability and its emergence in the evolutionary

development of the human lineage.

Vocal Tract Morphology and Speech Production in Humans

The human vocal tract is traditionally subdivided into three different parts or
subsystems: respiratory, phonatory, and articulatory subsystem (MacNeilage 2008; Fig.
1). Each of these subsystems has its own distinctive role in the vocalization process and
all can operate independently from each other, which contributes to the relatively great
variety and rate of human vocalization (Desalles 2000). In addition, each subsystem also
has a semi-independent evolutionary history, and while all three are related to each other
by function and origin, their modern forms did not appear within the same evolutionary
time frame.

The respiratory subsystem includes the lungs, the diaphragm, the trachea, and the rib
cage. It is the oldest of the three subsystems in that its present-day configuration has
remained relatively unchanged for the longest period of evolutionary time compared to
the other two subsystems (Shubin 2008). Evidence for the presence of respiratory organs
similar to modern ones has been found in some of the earliest tetrapod fossils and
predates the amphibian-reptile divergence point (Shubin 2008); the heavy reliance on
communicative vocalization found in some taxa on either phylogenetic branch — e.g.,
many species of frogs, and songbirds as well as humans — supports this assumption (Fitch
2010).

The main purpose of the respiratory subsystem, besides its other applications such as

respiration, is to provide a source of acoustic energy for vocalization (Lieberman 1975;
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Fig. 1: The Three Subsystems of the Human Vocal Tract; MacNeilage (2008)

10



Lieberman 1991; Nishimura et al. 2006; MacNeilage 2008; Ghazanfar & Rendall 2008;
Fitch 2010). This energy source consists of air flow that exits the vocal tract during
expiration, with the volume of air taken in during inspiration being directly proportional
to the intended length of phonation that follows (Lieberman 1991). Elastic recoil
subsequently causes the lungs to deflate during expiration, with subglottal pressure being
maintained through muscle action by the internal intercostal and abdominal muscles
(Draper et al. 1959; Hixon et al. 1976; MacNeilage 2008). From a physiological
perspective, this source of acoustic energy is “free” in that it would be present regardless
of whether vocalization occurs or not due to the fact that respiration is required for
survival; the vocalization effort is thus just a small additional energy output added to this
process (Moon & Lindblom 2003; Fitch 2010). While the overwhelming majority of
vocalization makes use of this energy source, there are a few instances of vocalization in
which the source of energy instead comes from inspiratory air flow (e.g., laughter, infant
cries) or the creation of a vacuum in the lungs (e.g., click sounds, which are employed in
some Khoisan languages of Southwest Africa) (Fitch 2010). With the exception of these
few cases, vocalization generally takes place during expiration and modifies the process
accordingly; while a normal expiration phase lasts ~2s, during vocalization restrictions on
elastic control of the lungs prevent deflation, thereby extending the expiration phase up to
~40s and thus providing both more time as well as increased stability for speech
production (Lieberman 1975).

In most instances of human vocalization, air flow is organized into breath groups, or
“relatively steady patterns of airflow that are the result of coordinated respiratory

maneuvers” (Lieberman 1975:42) which are maintained during speech. For example, a
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particular utterance, such as a sentence that is preceded and followed by an inspiratory
pause, constitutes one breath group (Lieberman 1975; Ghazanfar & Rendall 2008).
Breath groups are critical linguistic features of tone languages, and carry a significant
degree of linguistic importance in almost all human languages (Lieberman 1975). To
illustrate this, in many languages a fall in pitch during a breath group’s duration — which
is reflective of falling alveolar air pressure in preparation for inspiration — indicates a
non-question statement, whereas a rise in pitch — which reflects a lessened dependence on
air pressure for phonation due to muscular tension of the larynx — indicates a question
(Lieberman 1975). The immense importance of breath groups for human language
additionally indicates an early evolutionary emergence of the respiratory subsystem, and
breath groups themselves or an equivalent phonetic feature were likely already present in
any hypothetical form of speech-based protolanguage (Lieberman 1975).

A critical factor in human speech vocalization is the ability to fine-control respiration
to a much greater extent than in any other primate, which allows for precise control of the
subglottic air pressure that is the energy source for vocalization (MacLarnon & Hewitt
1999). Respiratory fine-control is determined by the cross-sectional area of the thoracic
vertebral canal, which is determined by measuring the dorso-ventral diameter (narrowest
height) and transverse diameter (narrowest width) of the vertebral canal through each
thoracic vertebra (MacLarnon & Hewitt 1999). In primates, thoracic vertebral canal size
is usually proportionate to body size and is thus often also a sexually dimorphic feature
due to differences in body size between males and females in most taxa; human males
and females fall on the upper extreme end of the range of deviation in primates, with

males having slightly larger cross-sectional areas than females (MacLarnon & Hewitt
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1999). Additionally, human thoracic vertebral innervation — the supply of nerves — is
greatly enhanced compared to other primates, whereas the innervation for the rest of the
spinal cord follows expected primate trends (MacLarnon 1987; MacLarnon 1993).
Respiratory fine-control allows for extended vocalization through longer breath groups
without the need to inject pauses for inspiration (Draper et al. 1959; Campbell 1968;
Proctor 1974; Hixon & Weismer 1995; Ghazanfar & Rendall 2008) as well as modulation
of intensity/loudness, emphasis on different parts of the same utterance, and
pitch/intonation patterns (Ladefoged 1968; Proctor 1974; Hoit et al. 1990). While the
exact degree of respiratory fine-control of subglottal air pressure differs individually
based on lung volume (Mead et al. 1968) and the linguistic character of a given
vocalization (Ladefoged 1968), as well as the relative importance of respiratory vs.
laryngeal control for speech production (Ladefoged 1968; Hoit et al. 1990; Stathoupoulos
& Sapienza 1993), any given human individual’s ability of respiratory fine-control would
more than likely trump that of any other individual nonhuman primate, regardless of the
nature of vocalization. Additionally, intensity and emphasis of speech rely primarily on
respiratory fine-control (Lieberman 1984; Stathoupoulos & Sapienza 1993), as does the
production of some human languages’ consonants (Ladefoged 1968).

The phonatory subsystem consists of the hyo-laryngeal complex, which includes the
vocal cords, the larynx, the epiglottis , and the hyoid bone (Fig. 2). Although the hyoid
bone is not formally a component of the vocal tract, it is usually included in this
subsystem as well, due to its great importance in vocalization. The phonatory subsystem
is structurally supported by the basicranium, together with the superiorly-situated

articulatory subsystem (Fitch 2010). This subsystem’s importance for speech production
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has been known to science at least since the 17" century, when the similarity between
human and nonhuman primate laryngeal morphology was noted (Lieberman 1975), and
until the mid-20" century the general consensus in language studies was that the larynx is
the most important component in speech production. Since then, this role has been
reassigned to the supralaryngeal vocal tract (i.e., the articulatory subsystem), but the

phonatory subsystem still remains critically important for vocalization.
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Each of the components of the phonatory subsystem occupies a different role in the
production of speech. The primary role of the vocal cords is filtering the air flow coming
from the respiratory subsystem. This is accomplished by very rapid vibration of the vocal
cords, emitting puffs of air in the process (Lieberman 1975). Vibration is initiated by an
inward flexion of the vocal cords from their relaxed position due to laryngeal muscle
adjustment. The vocal cords are then pushed open by expiratory air flow from the lung,
which creates a force known as the “Bernoulli effect” that causes the vocal cords to be
pushed back together again. Once the vocal cords are shut, air flow ceases, and static air
pressure pushes the vocal cords open once more, causing the process to repeat. According
to the myoelastic-aerodynamic theory of phonation, the vibration is a passive — or
automatized — process in that it does not require continuous neural stimulation once set in
motion, which greatly increases possible vibration rates (van den Berg 1958; Titze 1994).
The exact rate of vocal cord vibration, which itself is influenced by vocal cord length and
mass (Ghazanfar & Rendall 2008), determines the fundamental frequency of phonation,
or FO, which is measured in Hz (Lieberman 1975; Lieberman 1991; Fitch 2010). The
magnitude of FO determines a vocalization’s pitch, and is thus a critical component of
breath groups (Lieberman 1975).

Naturally, fundamental frequencies are not restricted to human vocalization, but occur
in the vocalization of all animals with vocal cords (Lieberman 1975); however, they are
usually less important in these animals’ vocalization than is the case for humans. In
humans as well as other animals, vocal cord vibration rate is adjustable depending on
their shape/mass, the tension exerted from the laryngeal muscles, and lung-generated air

pressure (Lieberman 1975). All these factors are influenced by age as well as sexual
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dimorphism; in adult human males, FO ranges from ~80-300 Hz, with the average being
125 Hz, whereas in adult human females and children, it can range up to 500 Hz, with the
average being 225 Hz for adult females and 350 Hz for infants (Lieberman 1975;
MacNeilage 2008). This discrepancy is caused by the greater length of adult male vocal
cords compared to those of adult females and children (Lieberman 1975). While FO tends
to fall progressively over the course of one breath group in most animals, including most
nonhuman primates (Andrew 1963; Hauser 1991), humans can control it voluntarily and
thus can maintain steady breath groups; some nonhuman primates that have very well-
developed laryngeal air sacs can also do this, but not as efficiently or sophisticatedly as
humans (MacLarnon & Hewitt 1999).

Whether a particular utterance is voiced or voiceless depends on vocal cord action.
Voiced speech is a result of the above-described vibratory patterns and requires some
preconfiguration of both the phonatory and articulatory subsystem through muscle action
by the lateral cricoarytenoid, internal and external thyroarytenoid, and interarytenoid
muscles (Lieberman 1975). On the other hand, voiceless speech — e.g., whispering — is
caused by turbulences of air being rushed through constricted vocal cords; any further
vocal modification of voiceless speech is entirely dependent on the supralaryngeal vocal
tract (Lieberman 1975). Humans are able to abduct their vocal cords, meaning they can
briefly draw them out of the air flow, creating voiceless sounds amidst a stream of voiced
vocalization in the process (MacNeilage 2008). This ability gives humans almost twice
the theoretical consonant and voiceless vowel repertoire compared to other animals
unable to do so (MacNeilage 2008). Additionally, vocal cord length in humans as well as

other primates is relatively long compared to other animals that have shorter vocal cords
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for more efficient respiration, and is accompanied by shortened arytenoid cartilages
which restrict vocal cord expansion, the combination of which eases vibration for
phonation purposes (Negus 1949).

The vocal cords are housed in the larynx, sometimes called “voice box”. The original
purpose of the larynx in evolutionary terms seems to have been as a protective lid
covering the trachea in order to shield the lungs (Lieberman 1975). In many mammals,
including all primates, laryngeal adaptations have occurred that sacrifice respirational
efficiency for enhanced phonation (Negus 1949), and this especially has been the case in
humans, whose larynx is only half the diameter of the trachea. While the larynx is not the
primary source of human speech capabilities as was once believed, its importance rests in
its function of housing the vocal cords and thus serving as the main filter through which
acoustic energy passes (Lieberman 1975). Thus, individuals that lack a larynx would still
be able to communicate, but only via voiceless speech, i.e., whispering (Lieberman
1975).

One of the defining features of the human vocal tract is the permanent descent of the
larynx, which occurs during maturation. In adult humans, the larynx is situated posterior-
inferiorly in relation to the mandible and is adjacent to the boundary of the fifth and sixth
cervical vertebrae, which is much lower than in a number of other mammals —e.g., cats’
and pigs’ larynges are adjacent to the third cervical vertebra, dogs’ larynges are adjacent
to the second cervical vertebra, and horses’ larynges are adjacent to the first cervical
vertebra (Barone 1976). However, while laryngeal descent has long been believed to be a
uniquely human characteristic (Negus 1949; Lieberman 1984; Crelin 1987; Houghton

1993; Laitman & Reidenberg 1993), recent evidence showing permanent laryngeal
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descent in other mammal species has revealed that this is not the case (Fitch & Reby
2001; Fitch 2002; Nishimura 2003; Nishimura et al. 2003; Nishimura 2005; Nishimura et
al. 2006). Nevertheless, a descended larynx remains important for humanlike speech
production; while computer modeling has shown that similarly sufficient articulatory
abilities are possible for a moderate range of laryngeal heights (de Boer 2010) and are
thus likely more dependent on precise articulatory control (Boe et al. 2002; Boe et al.
2007), a laryngeal height that completely deviates from this range would make humanlike
vocalization impossible (Carre 2004; 2009); at the same time, the largest possible
acoustic area is achieved for a laryngeal depth corresponding to a ~1:1 ratio of oral cavity
and pharyngeal cavity length (Lieberman 1975; Lieberman et al. 1992), which is the
natural state in adult humans (de Boer 2010). Laryngeal descent is directly responsible
for the separation of the hyoid and cricoid cartilages (Lieberman 1975), and because of
its lower position relative to the supralaryngeal vocal tract, the human larynx in general
has much fewer cartilagous appendages than most nonhuman primates’ larynges
(Aitchison 2000).

Laryngeal descent had some potentially wide-ranging morphological effects and might
indirectly have contributed to the strong orthognathism and globular cranial shape found
in humans. A descended larynx significantly reduces available basicranial space; thus, a
globular cranial shape consequently becomes necessary to retain enough space for the
brain (DuBrul 1958; Lieberman 1975; Aiello 1996). Additionally, the descent of the
larynx could have enabled an enlargement of the tongue base (Aitchison 2000; Fitch
2010), which made possible the rounded shape and 90° bent configuration of the human

tongue that is a prerequisite for modern human speech capabilities (Lieberman 1991;
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Fitch 2010). In the latter case, however, the causal relationship is not clearly established;
it is certainly possible that tongue base enlargement set in motion laryngeal descent
instead. Also, no clear correlation has been established between laryngeal descent and
basicranial angle in humans (Fitch & Giedd 1999), which is also representative of a lack
of such correlation in mammals in general. The exact impact of laryngeal descent on
orthognathism also remains somewhat spurious, as there is no observable laryngeal
descent in certain very orthognathic breeds of toy dogs and cats and — perhaps more
importantly — newborn humans (Fitch 2010).

Compared to other primates as well as in relationship to general sexual dimorphism in
humans, human laryngeal sexual dimorphism is extreme. In males, laryngeal descent
during puberty is 2-3cm greater than in females and vocal cord vibration is twice as long
(Titze 1989; de Boer 2010), which results in the aforementioned lower FO of adult males
compared to adult females and children, and consequently the resulting deeper pitch of
male voices. The male larynx also tends to be much more voluminous than the female
larynx, although both sexes’ larynges are relatively more voluminous than those of other
mammals (Desalles 2000). In fact, computer modeling studies have suggested that male
laryngeal descent actually somewhat compromises articulatory capability slightly,
whereas female laryngeal descent puts the larynx at the optimal height for articulation
purposes (de Boer 2010). These results are supported by studies that have found a greater
vowel range in females than in males (Fant 1975; Diehl et al. 1996; de Boer 2009). A
possible explanation for this obvious disadvantage is that in males, laryngeal position is a
compromise between sufficient articulatory ability and size exaggeration purposes (de

Boer 2010), which will be discussed in depth in section two.
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The descent of the larynx in humans has also led to a number of adaptive
disadvantages, the greatest of which is the increased risk of asphyxiation due to choking
during swallowing. The main reason for this is that unlike many other mammals, humans
are unable to connect their larynx to the velum and thus cannot seal their trachea during
swallowing, which allows for the potentially hazardous intrusion of food particles
(Lieberman 1991; de Boer 2010). Other disadvantages include lowered chewing
efficiency, reduced olfactory capabilities due to an inability to seal the oral cavity during
nasal inspiration, reduced respiratory efficiency, a higher risk of dental impaction and
subsequent infection due to compaction of the mandible, and an inability to breathe while
the oral cavity is filled with a liquid, which most other mammals can do (Negus 1949;
Lieberman 1975; Lieberman 1991). The retention of such a feature such as a permanently
descended larynx, despite the numerous adaptive disadvantages that accompany it,
suggests that significant communicative or otherwise beneficial advantages offset the
disadvantages in the evolutionary balance (Negus 1949; Lieberman 1975; Fitch 2010).
Also, a few evolutionary innovations have appeared in humans that negate these
disadvantages to some degree; e.g., the ability to temporarily close the vocal cords and
contract the aryepiglottic folds through elevation of the hyoid bone, which pushes the
epiglottis against the tongue base and causes the aryepiglottic folds to cover the laryngeal
vestibule (Negus 1949) with the purpose of decreasing choking risk — a process that is
nearly as complicated as it sounds and is not nearly as efficient as the simple ability of
other animals to connect their larynx to the velum.

The hyoid bone, which is included in this discussion of the phonatory subsystem due

to its relevance for the subsystem’s function, serves as a muscle attachment site anchor
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for the intrinsic muscles of the tongue as well as most other muscles of the vocal tract
(Fitch 2010). In primates and also big cats of the genus Panthera, the epihyal (upper)
portion of the hyoid bone is made from ligament and muscle, whereas the basihyoid
(lower) portion is made from solid bone (Fitch 2010). The hyoid bone is a sesamoid
bone, which means that it does not articulate directly with any other bone; instead, the
hyoid bone connects to the rest of the skeleton via cartilages. Similarly to the larynx, in
humans there is also a descent of the hyoid bone, although it is less extreme in
comparison (Negus 1949; Lieberman 1984; Crelin 1987; Houghton 1993; Laitman &
Reidenberg 1993). Also, as is the case for the larynx, the hyoid bone’s importance for
speech production has long been overestimated, especially in the fossil record — for
apparent reasons of being a bone and thus subject to better preservation than the soft-
tissued vocal tract (Boe et al. 2002). Of course, this is not to say that the hyoid bone has
no significance in vocalization at all; on the contrary, critical muscle control would be
impossible without a proper hyoid bone (Arensburg et al. 1989; Fitch 2010). Just as the
larynx, the hyoid bone is also sexually dimorphic in humans, projecting more anteriorly
in males due to differential growth of thyroid cartilage, which causes the prominent
appearance of the Adam’s apple in adult males (Falk 1975). Additionally, the position of
the hyoid bone also correlates with age — the older the individual, the lower the position
of the hyoid bone (Falk 1975).

The third subsystem, which is called the articulatory subsystem and includes the
pharyngeal cavity and the oral cavity as well as the anatomical features associated with
them — pharynx, palatine uvula, soft (velum) and hard palate, alveolar ridge, tongue,

mandible and maxilla, teeth, and lips — is nowadays recognized as the primary component
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of speech production in humans (Lieberman 1975). Due to its anterior position in relation
to the larynx, the articulatory subsystem is also called the supralaryngeal vocal tract. In
humans, it is radically different from other animals, as its primary purpose has shifted
from being devoted exclusively to breathing, chewing, and swallowing to participating in
speech production (Lieberman 1991). As such, features such as evenly sized teeth,
interlaced facial muscles, and a muscular and flexible tongue all maintain other purposes
than vocalization, but are also critically important for the latter because they make the
vocalization process more stable and thus more efficient (Aitchison 2000).

The critical importance of the supralaryngeal vocal tract over that of the larynx for
human speech production began to be fully understood around the middle of the 20™
century with the refinement of the source-filter theory of speech production (Stevens &
House 1955; Chiba & Kajiyama 1958; Fant 1960), which originally had been proposed
more than one-hundred years earlier (Muller 1848). The source-filter theory of speech
production establishes the role of the supralaryngeal vocal tract as an adjustable acoustic
filter — i.e., it assumes an acoustic transfer function — that allows for transmittance of
certain acoustic wavelengths while blocking out others, which is accomplished through
continuous articulatory reconfiguration modifying both supralaryngeal vocal tract shape
and length (Lieberman 1975). Because wavelength = Propagation velocityy o ey, With
propagation velocity being constant at normal atmospheric pressure (i.e., 1 atm), the
transfer function of the supralaryngeal vocal tract filter is described in terms of frequency
(Lieberman 1975). The initial frequency component of FO, which is determined by vocal
cord vibration, is accompanied by additional frequency components at multiples of FO,

which are called harmonics (Fitch 2010) — e.g., an FO of 100 Hz would have harmonics at

22



200 Hz, 300 Hz, 400 Hz, and so on. In human vocalization, the modulation of the first 35
harmonics, ranging from 20 Hz to 15 kHz, constitutes the main acoustic source of
phonation, as all other frequencies are absorbed/attenuated by the vocal tract walls
(Lieberman 1975; Ghazanfar & Rendall 2008; MacNeilage 2008); out of these 35, only
six harmonics, ranging up to 7 kHz, play a significant role in auditory speech perception,
and only the lower three — F1, F2, and F3 — are required for phonetic distinction
(Lieberman 1975; Fitch 2002) — with F3 only being required for the distinction of some
consonants, such as [l] and [r] (de Boer 2010). These three harmonics, at frequencies of
below 3 kHz (de Boer 2010) but not sequential or contiguous — i.e., F2 is not the
immediate multiple of F1, and F3 is not the immediate multiple of F2 (Ladefoged &
Johnson 2010) — and perceived acoustically as timbre (Ghazanfar & Rendall 2008), are
called formant frequencies.

Formant frequencies are perhaps the most important of all acoustic features in human
vocalization. Maximum acoustic energy passes through the supralaryngeal vocal tract
filtering system at these frequencies, and the controlled variation thereof — i.e., which
tone is dominant — is a defining factor of human speech compared to the vocalization of
other primates (Fant 1960; Lieberman 1975; Lieberman 1991; Titze 1994; Fitch &
Hauser 2002; Riede et al. 2005; Fitch 2010). The exact type of produced formant
frequency is determined by the supralaryngeal vocal tract’s cross-sectional area function,
which is the sum of the volume of its shape and size (Lieberman 1975; Ghazanfar &
Rendall 2008). The greatest factor in determining cross-sectional area is articulation of
the mandible and the tongue body, which are responsible for the primary modulation of

F1 and F2, respectively (de Boer 2010). Cross-sectional area function is inversely
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proportional to formant frequency magnitude — e.g., a long vocal tract corresponds to
lower formant frequencies — meaning that, on average, adult males tend to produce lower
formant frequencies than adult females or children (Fant 1960; Fitch & Giedd 1999; Fitch
2002). In addition to the impact of the supralaryngeal vocal tract, formant frequencies are
also secondarily influenced by laryngeal height, with higher-than-average positions
causing a large reduction in F2 and lower-than-average positions causing a moderate
reduction in F1 and F2 (de Boer 2010). Because each individual’s vocal tract produces
slightly different formant frequencies — hence why each individual’s voice sounds
different — they are also used for identification purposes in many species (Fitch 2002).
Due to the great flexibility of their supralaryngeal vocal tract, especially the tongue
because of its internal musculature which makes it more flexible, articulate and
manipulatable than that of any other primate (Aitchison 2000; Takemoto 2001), humans
can very quickly produce changes in formant frequency during very short periods of
vocalization by means of laryngeal contraction/expansion and subsequent articulatory
modification (Lieberman 1975; Fitch 2010). A humanlike “bent” vocal tract —i.e., one in
which the horizontal supralaryngeal vocal tract (oral cavity) and the vertical
supralaryngeal vocal tract (pharyngeal cavity) are oriented at a 90°-angle with respect to
each other — is not necessary for such flexibility, but makes it much easier to achieve (de
Boer 2010). Additionally, a bent vocal tract allows for articulatory modifications to occur
semi-independently from each other in the oral cavity as well as the pharyngeal cavity,
respectively (Lieberman et al. 1969; Lieberman 1984; Fitch 2000a; Fitch & Hauser
2002). This precise and also voluntary control of the supralaryngeal vocal tract allows for

a rapid-fire transmission of up to 15 phonemes/second (Deacon 1997), and consequently
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vast amounts of potentially useful communication of information in terms of selective
fitness (Lieberman 1991). At the same time, an accompanying critical fact is that humans
are also able to actually perceive and process information at this rapid rate via language,
with maximum sound perception for language being 5-9 segments/second -
corresponding to ~15 phonemes/second (MacNeilage 2008) — and maximum speech unit
perception (e.g., a syllable) being 20-30 segments/second (Lieberman 1975). Together,
these capabilities constitute a rate of information processing that for humans has so far
been impossible to achieve by any other means, such as gesturing (Lieberman 1975;
Lieberman 1991). This overwhelming reliance on formant frequency modulation in
humans is indicative of our primate heritage and its corresponding neural preadaptation;
other animals that make extensive use of vocalization often employ a different
mechanism, e.g. tonal transitioning in song birds (Lieberman 1991).

In order to accomplish the complex configurations required for an acoustic transfer
function, the supralaryngeal vocal tract houses most of the repertoire of articulation
points — places responsible for the formation of formant frequencies and thus specific
phones — which are produced through vocal tract articulation by orofacial muscular
tension. Articulation points are well-developed in most mammals (Fitch 2010) and are
involved in the swallowing and lactation reflex (Wall & Smith 2001); in humans, they
were then modified for speech production within the constraints of not marginalizing
their original purposes (MacNeilage 1998). Human articulation points include labial
(lips), interdental/dental (teeth), alveolar (alveolar ridge), palatal (hard palate), velar
(velum), ulvular (palatine uwvula), pharyngeal (pharynx wall), and glottal

(epiglottis/larynx), the last of which is the only major articulation point not associated
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with the supralaryngeal vocal tract (MacNeilage 2008). Articulation point position is
directly related to F1 and F2, with F1 being higher if the articulation point is more
posteriorly and/or ventrally located, and F2 being lower if the articulation point is more
posteriorly located (MacNeilage 2008; Ladefoged & Johnson 2010). Likewise, the
supralaryngeal vocal tract is the anatomical device that enables articulation manners, or
ways through which specific phones are produced. The most common articulation
manners include stops, nasals, fricatives, affricates, liquids, and semi-vowels or glides
(MacNeilage 2008). Most articulation manners can be combined with most articulation
points to create a large selection of differential phones; e.g., in English, stops can be
produced labially (voiced [b] and voiceless [p]), dentally (voiced [d] and voiceless [t]),
palatinately (voiced [g] and voiceless [K]), or glotally through shutting the vocal cords
(Lieberman 1975).

Because a great amount of anatomical maneuvering is necessary for the rapid rate of
vocalization humans engage in during normal speech production, supralaryngeal vocal
tract reconfiguration happens in a constant mode of rearrangement in that it begins to
adjust to the position required for the next upcoming phone before having fully assumed
the position of the previous one (Lieberman 1991). This “liquidity” is called anticipatory
coarticulation and results in a characteristic blending of phones within a word, phrase, or
sentence, which is responsible both for the tendency to omit pauses between independent
phonemic constructs such as words in natural speech, as well as that of certain allophones
— e.g., the allophonic interchangeability of [s] and [z] in the English word “observe”
(Lieberman 1975; Desalles 2000). From an evolutionary point of view, it could be argued

that this was an adaptive response to the greater perception rate of speech units, which is
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more than thrice that of individual sound perception — although the opposite could also be
maintained. That anticipatory coarticulation and speech unit perception rate are closely
related features is supported by the fact that early attempts to provide visually or
otherwise impaired individuals with machines that had the purpose of reading out loud
information to them failed miserably due to the machine’s inability to blend in different
phonemes in the time-varying patterns of formant frequencies that occur in natural human
speech. Instead, this resulted in very unnatural-sounding speech that was both
excruciatingly slow as well as generally incomprehensible (Lieberman 1975; Remez et al.
1981; Lieberman 1991). While the basis of anticipatory coarticulation is likely
biologically innate due to its fundamental importance for natural human speech
production, the exact nature of anticipatory coarticulation varies for speakers of different
languages, dialects, and accents; it is thus a learned automatized behavior (Lieberman
1991).

A concept that is related to anticipatory coarticulation is phonation onset, or the delay
or anticipation of vocal tract configuration during vocalization (Lieberman 1975).
Whether phonation onset is delayed or anticipatory, and the exact amount of time for
each, depends on the nature of the produced phonation - e.g., in English, the voiceless
labial stop [p] normally has a delayed phonation onset of ~100ms, meaning that acoustic
energy exits the supralaryngeal vocal tract ~100ms after the vocal tract assumed its
corresponding configuration. On the other hand, in Spanish, the voiced labial stop [b]
normally has an anticipatory phonation onset of ~100ms, meaning that acoustic energy
exits the vocal tract ~100ms before the vocal tract assumed its corresponding

configuration. Some phonation can be described as almost spontaneous — e.g., the English
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voiced labial stop [b], which normally has a delayed phonation onset of only ~20ms.
While considerable variation exists in phonation onset duration, this ~20ms threshold
cannot be undercut, due to issues of mechanical/aerodynamic delay associated with the
morphology of the mammalian vocal tract (Lieberman 1975), and is present in both adult
and infant human vocalization as well as that of other mammalian species such as cats
(Kiang & Peaker 1960). Thus, “optimal” vocal tract configuration for communication is
not possible due to these constraints, but the human vocal tract comes closer to this goal
than many other mammalian vocal tracts (Carre 2004; 2009) — it must be kept in mind,
however, that the definition of the descriptive term “optimal” is highly subjective in that
it can refer to either the greatest possible range of differential phonation or — alternatively
— effective communication within one taxon, in which case it would be more relative and
taxon-specific. On the flipside, phonation onset can be consciously altered, and thus carry
linguistic significance; e.g., in English, the phonetic difference between the labial stops
[b] and [p] becomes lost if phonation onset is increased beyond 30ms (Lieberman 1975).
—

When talking about linguistic features of human vocalization, it can be said that there
is a broad subdivision of human vocalizations into two different categories: vowels and
consonants. The distinction between the two is not always clear-cut, and the presence of
semi-vowels, also known as glides, makes this readily apparent. Nevertheless, vowels
and consonants can be distinguished from each other by some inherent acoustic and
phonetic qualities.

Vowels are produced by a two-fold generation of formant frequencies in different

parts of the supralaryngeal vocal tract with different cross-sectional area, where F1

28



originates from the longer part and F2 from the shorter part (Lieberman 1975). Both the
horizontal as well as the vertical supralaryngeal vocal tract can assume the role of the
longer or shorter part, depending on each vowel’s specific configuration. The formant
frequencies are differentiated due to air pressure differences at a cross-sectional point X,
where the differentially articulated long and short parts connect to each other — this is
usually at the point of intersection between oral and pharyngeal cavity (Lieberman 1975).
Because the tongue is one continuous piece of muscular tissue, the range of differential
deformation for vowel production is somewhat limited — if the front is pushed in, the
back will always be pushed out, and vice versa (Lieberman 1975). While consonants
require articulation points for their correct vocalization, most vowels can be produced by
anterior-posterior and ventral-dorsal movement of the tongue alone, although some
vowels do require some labial manipulation (Lieberman 1975; MacNeilage 2008). Unlike
in nonhuman primates, human vowel production is mainly oral instead of nasal, because
in humans the velum seals off the nasal cavity during vocalization (Aitchison 2000). To
vocalize nasally, it is necessary to actively relax the velum in order to open up the nasal
cavity for supralaryngeal air flow (Lieberman 1975).

Extant human languages commonly feature between three and fifteen vowels; out of
these, five vowels occur in almost one-third of all languages (29%, Croher 1978; 31%,
Maddieson 1984). The most common vowels are [a], [i], and [u] (Trubetzkoy 1939;
Liljencrants & Lindblom 1972; Maddieson 1984), which occur in 84%, 92%, and 88% of
all human languages, respectively (Maddieson 1984). This is not by coincidence, as these
three vowels are also the most phonetically distinct vowels the human vocal tract can

produce without losing their distinctive phonemic quality (Lieberman 1975). Each of
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these vowels corresponds to an extreme end of possible supralaryngeal vocal tract
configuration (Lieberman 1975; Fig. 3). For the vowel [a], the oral cavity is maximally
expanded, while the pharyngeal cavity is maximally constricted; the tongue is lowered.
For the vowel [i], the oral cavity is maximally constricted, while the pharyngeal cavity is
maximally expanded; the tongue is raised. Finally, for the vowel [u], both the oral and the
pharyngeal cavity are expanded, while the tongue is raised and the lips are rounded.
Additionally, each vowel also corresponds to extremes in formant frequencies. For [a],
F1 and F2 are at maximal capacity, while F3 is not. For [i], F1 has a minimal magnitude
while F2 and F3 are at maximal capacity. For [u], both F1 and F2 have a minimal
magnitude (Boe et al. 2002).

The most critical anatomical feature for the vowel configurations of [a], [i], and [u] is
the bent two-tube configuration of the human vocal tract, which inserts three possible
constriction points into the vocal tract — one in each cavity, and one at their point of
junction — all of which can be acted upon by tongue movement (Lieberman 1975). Due to
these maximum configurations, production of the vowels [a], [i], and [u] requires the
least amount of articulatory effort, either if vocalized in isolation or within a stream of
other phonation (Carre 1996; Lindblom 1998). On the other hand, a single-tube vocal
tract as it is found in nonhuman primates and also human infants is not flexible enough
for sufficient combined articulation to distinctively produce these vowels (Lieberman et
al. 1969).

The vowels [a], [i], and [u], together with labial, dental, and most velar consonants, are
called quantal sounds, or phones that are highly distinct from each other, acoustically

stable, and easily identifiable by a listener (Lieberman 1991). Again, the bent two-tube
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configuration of the vocal tract as well as the morphology of the tongue are critical
prerequisites for the successful vocalization of quantal sounds. Quantal sounds occur
more often across human languages than any other phones (Greenberg 1963). On the
other hand, phones that are easily misidentified by listeners, especially if there is no face-
to-face interaction, occur much more rarely if the whole spectrum of human languages is
considered (Greenberg 1963). This includes nasalized phonation (Bond 1976), velar stops
such as [g] or [K] (Liljencrants & Lindblom 1972), or vowels besides the three quantal
vowels [a], [i], and [u] (Peterson & Barney 1952). Interestingly, children tend to learn
quantal sounds first, regardless of language background (Jakobson 1968); the order of
acquisition of new phones besides quantal sounds then follows the order of commonness
of these phones across all human languages, suggesting that quantal sounds’ wide
distribution could be due to their greater suitability for the vocal tract (i.e., are easier to
articulate).

For consonants, the distribution patterns are as follows: stops occur in 100%, nasals
and fricatives in 96.8%, liquids in 95.9%, and glides in 90.5% of human languages, based
on a survey of 317 different languages, or about 5% of all extant human languages
(Maddieson 1984). As such, consonants are much more common than vowels, a fact that
is also reflected in the total amount of consonants as opposed to vowels found in these
languages, namely 558 and 210, respectively (Maddieson 1984). Out of these 558
consonants, 47% are unique to just one language, and less than 20% occur in more than
ten. In the case of consonants, articulation points also play a role in that, say, dental stops
might not be universal across all languages even though stops in general are (MacNeilage

2008).
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In natural human speech, the smallest unit of sound is not the individual vowel or
consonant, but the syllable (Lieberman 1975); in fact, the human vocal tract is unable to
produce most phonetic sounds in isolation. For example, one can say [bi], [bu], or [ba],
but not [b] by itself. Instead, phonetic sounds are decoded by the brain, allowing for
differential perception of [b] from [ba], etc. (Lieberman 1975). While this is true for all
consonants, vowels usually can be phonated in isolation, and can thus stand as syllables
on their own. Accordingly, the single-vowel syllable (V) constitutes the simplest form of
vocalization. If only speech units combining more than one phone are considered, the
simplest ones are the consonant-vowel (CV) and the vowel-consonant (VC) syllable, both
consisting of a rapid sequence of closed/constricted (consonant) and open (vowel)
articulatory configurations (MacNeilage 2008). In almost all these cases, the vowel has a
sonority peak, which means that it is louder than any other sound in the syllable
(MacNeilage 2008). Lastly, the vowel can be a monophthong or a diphthong, which

requires one or two successive tongue configurations, respectively (MacNeilage 2008).

Vocal Tract Morphology and Speech Production in Nonhuman Primates
Next to humans themselves, living primates provide the best clues about the origins of
the human vocal tract. This is made possible through a comparative evolutionary
systematic approach, which has been successfully employed in the fields of evolutionary
biology and paleontology many times. One of the most readily apparent advantages of
studying living primates is that all the soft tissue which virtually constitutes the whole
vocal tract is present. Additionally, actual vocalization behavior can be observed in live

specimen, both in a natural setting in the wild as well as in a controlled setting in
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captivity. These advantages were recognized early on in the study of language origins, as
dissection of specimens from many different primate species became a favored research
objective during the 19" and early 20" century. Later on, studies of primate behavior also
began to be considered in earnest, and more recently, attention has additionally been
given to animals outside the primate realm for comparative analysis.

Not surprisingly, the primate species that has been studied most extensively is the
common chimpanzee (Pan troglodytes) due to its status as humans’ most closely-related
relative. The logic is that the most common recent ancestor (LCA) of humans with any
other primate would have been shared with chimpanzees, and thus morphological
similarities between Homo sapiens and Pan troglodytes should be greater than for any
other primate species — with respect to both, as the most closely related ancestors of
chimpanzees after bonobos are humans. The reason why bonobos have not received the
same degree of attention by studies despite their equal degree of relatedness with regards
to humans is that, for quite some time, they were not recognized as a distinct species, and
for this as well as other reasons, the amount of data concerning bonobos compared to that
concerning common chimpanzees remains relatively low.

One of the most striking differences between human and nonhuman primate vocal
tracts is the ratio of the oral cavity to the pharyngeal cavity. In humans, this ratio is ~1:1,
whereas in nonhuman primates and other mammals, the oral cavity is larger than the
pharyngeal cavity, resulting in a ratio of >1:1 (Negus 1949; Lieberman 1984; Crelin
1987; Flugel & Rohen 1991; Houghton 1993; Laitman & Reidenberg 1993; Nishimura et
al. 2003; Nishimura 2005). Additionally, most nonhuman primates show no permanent

descent of the larynx and the associated hyoid bone, although there is some slight descent
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in a few species such as chimpanzees during maturation (Nishimura et al. 2003;
Nishimura 2005), but not to the degree as can be seen in humans, and additionally offset
by increased prognathism caused by oral cavity growth (Nishimura 2005). Nonhuman
primates’ vocal tracts are also not “bent” into a two-tube configuration, as is the case in
humans; instead, their vocal tracts are aligned into a continuous single-tube configuration
where the oral cavity opens directly into the pharynx, preventing supralaryngeal air flow.
As a result, nonhuman primates have a flattened basicranium compared to the complexly-
featured human basicranium (Lieberman 1975). Unlike humans, nonhuman primates —
and also other mammals — are able to seal off the pharyngeal cavity with their velum due
to a heightened position of the epiglottis and the velum, in the process avoiding the risk
of choking that humans face (Lieberman 1975). See Fig. 4 for an illustration of these
differences.

A major morphological feature that sets humans apart from all other nonhuman
primates is the absence of laryngeal air sacs (Fitch 2000b; Ghazanfar & Rendall 2008),
although some evidence indicates that vestigial structures might still remain (Ghazanfar
& Rendall 2008). The laryngeal air sacs are situated anteriorly to the epiglottis in
virtually all nonhuman primates (Negus 1494; Hayama 1970; Hewitt et al. 2002), which
pushes the laryngeal structure — larynx and hyoid bone — downward, and also causes the
lack of dissociation of the velum and epiglottis that is typical of the human two-tube
vocal tract (Fligel & Rohen 1991). The exact number, size, and distribution of laryngeal
air sacs vary across different primate species (Ghazanfar & Rendall 2008); in some taxa,
such as howler monkeys (Alouatta), indris (Indri), or gibbons (Hylobates), laryngeal air

sacs are very well developed (MacLarnon & Hewitt 1999). These taxa also make
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Fig. 4: Two-tube Configuration and Permanently Descended Larynx in Humans (A), and
Single-Tube Configuration and Non-Permanently Descended Larynx in
Orangutans (Pongo borneus) (B) and Capuchin Monkeys (Cebus) (C); modified
from Lieberman (1975), after Negus (1949)
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extensive use of complex vocalization in their natural behavior, and as such it is probable
that the laryngeal air sacs play a major role in nonhuman primate vocalization
(MacLarnon & Hewitt 1999; Ghazanfar & Rendall 2008).

While many different hypotheses have been made for the purpose of the laryngeal air
sacs, such as resonance chambers which amplify long-distance calls, acoustic support for
the vocal cords, or extension of the vocal tract for size exaggeration purposes, the most
likely explanation for the function of the laryngeal air sacs is that they allow for greater
respiratory control by acting as air storage chambers, thus stabilizing vocalization
(MacLarnon & Hewitt 1999; Ghazanfar & Rendall 2008). As nonhuman primates lack
the advanced respiratory fine-control of humans, they must make use of their laryngeal
air sacs to accommodate; however, this mechanism is not nearly as efficient as humanlike
respiratory fine-control in terms of vocal endurance. While an average human breath
group can last more than 12s (Winkworth et al. 1995), nonhuman primates’ breath groups
are restricted to 2-6s (Hoit et al. 1994; Mitchell et al. 1996); the longest measured
nonhuman primate breath groups on record are those of indris at 5s and howler monkeys
at 4.8s. During vocalization, humans extend a normal expiratory phase as much as seven
times or more, whereas nonhuman primates usually are restricted to 2-3 times the length;
again, indris, howler monkeys, and gibbons come closest to humans with an extended
expiratory phase of 4-5 times during vocalization (MacLarnon & Hewitt 1999). While
expiration — i.e., the period that can effectively be used for vocalization — makes up 35-
65% of the total respiratory phase during vocalization in nonhuman primates, in humans
it is as much as 85% (MacLarnon & Hewitt 1999). Lastly, human vocalization sequences

are also usually ten times faster than those of nonhuman primates (Lieberman et al 1992),
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although all can voluntarily adjust rate of vocalization together with pitch and amplitude
if need be (Aitchison 2000).

Laryngeal air sacs tend to be more extensively developed in large-bodied primates
(MacLarnon & Hewitt 1999). A possible reason for this is that respiratory phases are
proportionate to body size, making fast breathing rates difficult for larger-bodied species
(MacLarnon & Hewitt 1999). Accordingly, the maintenance of vocalization at a
sufficiently effective rate would become disproportionally energy-intensive; laryngeal air
sacs allow large-bodied primates to bypass this physiological limitation (Ghazanfar &
Rendall 2008). In humans, who are the third-largest-bodied extant primates after gorillas
and male orangutans, this mechanism has been replaced by the even more energy-
efficient enhanced thoracic respiratory fine-control. Why this has happened and at what
time during human evolution remains unclear; the presence of laryngeal air sacs in both
chimpanzees and bonobos (Negus 1949) makes it likely that the LCA of all three species
still had these structures. They might have been lost before vocalization became
increasingly important for humans, possibly due to behaviorally-induced respiratory
morphological requirements that arose when early Homo became a long-distance runner
(Carrier 1984; Reichholf 1997). Following this assumption, one could speculate whether
they would have become important in human vocalization, would eventually have been
replaced by thoracic fine-control due to greater efficiency, or actually would have
hindered the emergence of modern humanlike speech. This would also mean that, if
laryngeal air sacs still had been present in the earlier australopithecines, any kind of
hypothetical language or protolanguage in this taxon would have been subject to the same

respiratory restrictions as the vocalizations of extant nonhuman primates.
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As has been mentioned already, there is no such degree of permanent laryngeal
descent in nonhuman primates as there is in humans (Lieberman 1975; Nishimura et al.
2003; Nishimura 2005; Nishimura et al. 2006). For example, in chimpanzees the larynx is
situated at a level between the third and the fourth cervical vertebrae, two vertebrae
higher than in humans (Lieberman 1975; Barone 1976). However, some slight permanent
descent of the larynx also happens in chimpanzees, and the similarities between both
processes — including equivalent points of dissociation of the velum/epiglottis and
hyoid/larynx (~6 months of age in chimpanzees (Nishimura et al. 2003), ~12-18 months
of age in humans (Sasaki et al. 1977)), as well as similar overall pharyngeal growth
patterns (114% growth from infancy to adulthood in humans (Fitch & Giedd 1999), and
96% growth in chimpanzees (Nishimura et al. 2006)) — suggest that both laryngeal
descent patterns are evolutionarily homologous and would thus have been common in the
LCA (Nishimura et al. 2006). Slight laryngeal descent has also been noticed in other
primates such as macaques (Fliigel & Rohen 1991); however, there is no dissociation
between hyoid and larynx in non-hominoid anthropoids (Nishimura 2003), suggesting
that macaque laryngeal descent is likely not homologous to that of humans and
chimpanzees. On the other hand, the highly integrated anatomical nature of the
hyolaryngeal complex makes the presence of such a descent pattern in an anthropoid
LCA not entirely implausible, either (Nishimura 2005). In fact, laryngeal descent patterns
are more similar in macaques and chimpanzees if compared to humans; however, this is
more likely due to human orthognathism —i.e., lack of space for oral cavity expansion —

instead of chimpanzee-macaque evolutionary homology (Nishimura et al. 2006).
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Descent of the hyoid bone, while virtually identical in human and chimpanzee infants,
also varies significantly between adult specimens of each species, with the adult
chimpanzee hyoid bone being situated higher than the adult human hyoid bone, even after
differences in body size are taken into account (Falk 1975). Instead, chimpanzees’ hyoid
bone position is similar to that of other apes such as gorillas and orangutans (Negus
1949) as well as gibbons (DuBrul 1958). While the hyoid bone descends during the
maturation process in both chimpanzees and humans, it does so less significantly in
chimpanzees relative to body size (Nishimura et al. 2003; 2005). There are also
differences in timing and rate of hyoid bone descent, which is slower and stops earlier in
chimpanzees; maturation of the laryngeal air sacs in chimpanzees, which push the hyoid
bone upward during early infancy, is believed to be the cause for this (Nishimura et al.
2006). The human ~1:1 ratio of oral cavity to pharyngeal cavity length is thus mainly due
to the greater proportional descent of the hyoid bone compared to chimpanzees and other
primates (Negus 1949; Lieberman 1984; Crelin 1987). Additionally, the chimpanzee
hyoid bone is relatively larger than the human hyoid bone and has a more hollowed-out
corpus. The reason for this feature is that the hyoid bone provides structural skeletal
support for the laryngeal air sacs, which extend posteriorly into the hyoid bone in non-
human primates (Falk 1975).

The chimpanzee epiglottis, likewise, is situated higher relative to the palate and is
wider in diameter compared to the human epiglottis (Jordan 1971). It attaches to the
thyroid cartilage (Nishimura et al. 2006), making possible the tight association of
epiglottis and velum that gives nonhuman primates the ability to seal off the pharyngeal

cavity. For a long time, this morphology was assumed to be the default state, as it was

40



seen in all autopsies of embalmed specimens (Laitman & Heimbuch 1982; Lieberman
1984, Fitch 2000b; Nishimura 2005); however, more recent magnetic resonance imaging
(MRI) studies on live specimens have shown that, at least in chimpanzees, there is a loss
of contact in early infancy (Nishimura et al. 2006) similar to the loss that occurs in
humans at equivalent stages in the maturation cycle (Sasaki et al. 1977; Nishimura et al.
2003), after which contact must be actively established. Additionally, the epiglottis of
chimpanzees and other great apes has an anatomical feature called hiatus intervocalis,
which is an ever-present opening with the purpose to relieve high subglottal air pressure
during vocalization that would otherwise overwhelm the vocal cords (Kelemen 1948).
Humans do not have a hiatus intervocalis; instead, greater articulatory control of the
vocal tract musculature provides the vocal cords with the necessary support (Kelemen
1948).

The position of the larynx and its associated structures have long been believed to be
universally static (Negus 1949; Lieberman 1984; Crelin 1987; Fliigel & Rohen 1991;
Houghton 1993; Laitman & Reidenberg 1993), with accordingly any vocal implications
stemming from larynx height being fixed. However, X-ray imaging studies in the last two
decades have revealed that this is not the case; in fact, many mammals — primates and
non-primates alike — are able to retract their vocal apparatus temporarily via the
sternothyroid strap muscles from its higher resting position while simultaneously raising
their velum, and thus can achieve a humanlike laryngeal configuration during
vocalization (Fitch 2000b) (Fig. 5). This ability already has been observed in pigs, dogs,
goats, and some New World monkeys such as tamarins (Fitch 2000b). Consequently, any

studies on vocal anatomy based on dead specimens — as is the case during an autopsy —
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Fig. 5: Temporary Descent of the Larynx during Vocalization in Dogs and Primates;
modified from Fitch (2010)

likely cannot convey the full theoretical vocal configuration potential of many mammals
(Fitch 2010). This fact especially must be kept in mind when turning to the fossil record,
underlining the importance of the comparative approach specifically in a case such as this
one, where there is no readily discernible association between soft tissue and skeletal
features (Fitch 2002), meaning that no traces that can be used for fossil reconstructions
are present.

At the same time, even though these mammal taxa are able to accommodate laryngeal
position for rapid formant frequency shifts like humans do, all of them can vocalize

without doing so, and none is documented to actually make use of this capability in their
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natural vocalization (Fitch 2000b). The primary purpose of laryngeal descent in these
species is probably more in order to increase vocalization volume — i.e., sound louder —
than any other reason, and as a matter of fact, the reason why they do not produce
humanlike formant frequencies could well be caused by neural signaling deficiencies
instead. As such, it seems that only in humans has the phonatory subsystem of the vocal
tract specifically and purposefully evolved to make use of this potential vocalization
possibility for articulatory as well as acoustic stabilization purposes. Support for this
assumption comes from the numerous differences between humans with a static larynx
and other mammals that can temporarily lower their larynges, such as an inability vs. an
ability to connect larynx and velum to prevent choking, a thick and rounded vs. a thin and
flat tongue, and a bent two-tube vs. a single-tube vocal tract, respectively (de Boer 2010).
Because chimpanzees also can retract their larynx slightly during vocalization (Nishimura
2005), it can be suggested that the uniquely human innovation within the primate linage
is a static permanently-descended larynx.

Another recent breakthrough in the field of comparative vocal tract anatomical studies
has been the revelation that humans are the only primate, but not the only mammal
species with a permanently descended larynx. As a matter of fact, koalas had been known
to have a permanently descended larynx very similar to that of humans as early as the
1920s (Sonntag 1921); unfortunately, Sonntag’s study never received much attention, and
thus his findings were remained relatively unknown until fairly recently (Fitch 2010).
More recently, however, a permanently descended larynx has been attested in other
mammal species as well, including Mongolian gazelles, where it only occurs in males

(Frey & Riede 2003); red and fallow deer, where it also only occurs in males and is not
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associated with the hyoid bone, making it possible to temporarily retract the larynx even
further all the way to the bottom of the pharyngeal cavity during vocalization (Fitch &
Reby 2001); Arabian camels, similar to deer (Fitch 2010); and big cats of the genus
Panthera, which like humans have a tightly associated larynx and hyoid bone attached to
the skull only via an elastic ligament (Weissengruber et al. 2002). The relatively simple
vocalization patterns of all these species indicate that laryngeal descent’s primary
evolutionary advantage is not vocalization (Fitch 2002).

A possible answer to this puzzling phenomenon is found in the size exaggeration
hypothesis (Ohala 1984; Fitch 2002). The size exaggeration hypothesis states that
mammals use fundamental as well as formant frequencies to correctly estimate the
speaker’s body size via deduction of vocal tract length. This works especially well with
quantal vowels and specifically [i] (Lieberman 1975; Fitch 1994), which for this reason is
also called a super-vowel (Nearey 1978). Other phones, such as semivowels and glide
consonants, are also suitable for size deduction (Lieberman 1975). Size deduction is
critical for vocalization purposes, as each individual vocal tract produces different
frequencies due to differences in vocal tract size (Lieberman 1975) — the larger the vocal
tract, the lower the frequencies — with different phonation for the same intended phones
as a result, and sometimes even allowing for different articulatory means to do so
(Lieberman 1975). As such, the listener must “calibrate” the speaker’s vocal tract against
a theoretical norm, which is done by estimating vocal tract length. This calibration
mechanism is based on frequency and occurs in many mammal species, both primates

(Fitch 1997) and non-primates (Riede & Fitch 1999).
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Size can be exaggerated, however, through distortion of these frequencies via a
lowered larynx (Fitch & Reby 2001). The greater the laryngeal descent in an individual
vocal tract, the lower the formant frequencies it produces will be. Being able to
manipulate these formant frequencies and thus making an appearance of larger-than-
actual body size would thus prove evolutionarily advantageous, as it can be used to
impress potential mates and also intimidate rivals (Lieberman 1975; Krebs & Dawkins
1984). A permanently descended larynx fits this purpose in the aforementioned species of
deer, camels, and gazelles, where it occurs only in males; however, its role is slightly
more complicated in humans, because it appears in both sexes and has an undeniable
importance for human speech production. Interestingly though, in human males, a second
phase of laryngeal descent occurs during puberty, which does not happen in females
(Ohala 1984; Fitch & Giedd 1999; Fitch 2002; Vorperian et al. 2009). In fact, laryngeal
descent is one of the most sexually dimorphic features that exists in Homo sapiens; while
males are on average only 10% taller and 20% heavier than females, the average adult
male’s FO is only half that of the average adult female’s FO (Ghazanfar & Rendall 2008).
Size estimation in humans is mostly based on FO instead of F1, F2, and F3, even though
FO is less reliable for such purposes (Ghazanfar & Rendall 2008) — which is most likely
on purpose, since the goal is to deceive others into overestimating one’s body size.
Correspondingly, humans instinctively assume that there is a correlation between body
size and voice pitch (Smith et al. 2005) — determined by FO — even though no clear-cut
correlation such as this exists in adult humans (van Dommelen 1993). Even more
intriguingly, in terms of behavioral adjustment human males tend to value voice-deduced

body size more than human females, a fact that strongly suggests that size exaggeration
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evolved predominantly as an element of male-male dominance rivalry instead of male-
female mate selection (Puts et al 2006). This is not to say that human females do not
value voice-deduced body size at all; if there had been no preferential mate choice by
females for males with a lower FO, no intersexual selective pressure on the prevalence of
this trait would have occurred. At the same time, however, a dominant male would have
been able to prevent other males from mating, thus contributing to the intrasexual
selection of this trait. Because a dominant male would likely have had greater
reproductive success for both reasons, there would have been sexual selective pressure
for additional laryngeal descent in adult males.

Because the descended larynx is important in human speech production, and because
initial laryngeal descent also occurs in human females, the role of the descended larynx
probably expanded from size exaggeration purposes to communicative competence at
some point during human evolution (Fitch 2002). As was mentioned in section one, the
adult human male larynx is at a less optimized position for articulation than the adult
human female larynx. According to the size exaggeration hypothesis, the reason for this
is that in human males, laryngeal descent was stretched to the maximum capacity
possible for size exaggeration purposes, while still maintaining sufficient articulatory
ability; adult human females, which are free from this evolutionary selective stress,
evolved to have an optimally-situated larynx instead (de Boer 2010). Differential sexual
selective pressure is thus likely responsible for the over-proportional degree of sexual
dimorphism of the human larynx.

Moving the focus of the discussion back to nonhuman primates, the most apparent

feature that distinguishes their supralaryngeal vocal tract is, again, the relatively greater
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size of the oral cavity compared to the pharyngeal cavity, which causes the
aforementioned >1:1 ratio of nonhuman primates compared to the ~1:1 ratio in humans.
However, these ratio differences are not present at birth, but gradually emerge during the
maturation cycle (Nishimura et al. 2006). At birth, both human and chimpanzee infants
have ratios of ~1.5:1, meaning that the oral cavity is also much larger in human infants in
comparison to the pharyngeal cavity. While this imbalance is offset by rapid growth of
the pharyngeal cavity and less growth of the oral cavity (oral cavity length in human
infants: ~5cm at birth, ~7cm at nine years of age; pharyngeal cavity length: ~3.5cm at
birth, ~7.5cm at nine years of age), a similar growth pattern of the pharyngeal cavity also
occurs in chimpanzee infants; however, the oral cavity grows much larger than it does in
humans (oral cavity length in chimpanzee infants: ~5.5cm at birth, ~9-10cm at five years
of age; pharyngeal cavity length: ~2.5-3cm at birth, ~4.5cm at five years of age)
(Nishimura et al. 2006). The >1:1 supralaryngeal vocal tract ratio in chimpanzees is thus
mainly established by greater growth of the oral cavity.

A possible cause for this greater size of the oral cavity relative to humans is that the
tongue, which is the most important articulatory feature of the supralaryngeal vocal tract,
is situated entirely in the oral cavity of nonhuman primates, whereas in humans it also
forms the anterior wall of the pharyngeal cavity (Lieberman 1975; Lieberman 1984;
Crelin 1987; Zemlin 1988; Titze 1994). This morphology effectively removes two of the
three constriction points that characterize the human two-tube supralaryngeal vocal tract
and thus restricts potential cross-sectional area modifications necessary for rapid
sequential vocalization (Lieberman et al. 1969; Lieberman 1984; Fitch 2000b; Fitch &

Hauser 2002). In turn, this greatly reduces nonhuman primates’ vowel range — at least
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with regard to the quantal vowels [a] and [i] (Lieberman 1969; Lieberman 1975) (Fig. 6).
Because the quantal vowel [u] does not require maximum expansion of either the oral or
pharyngeal cavity, a single-tube supralaryngeal vocal tract is theoretically sufficient for
humanlike phonation of [u], but the presence of the simian shelf — an internally
buttressing bony protrusion of the mandible — in nonhuman primates prevents the
required articulatory movement of the tongue in the oral cavity (Lieberman 1975).

The small body size of many primates is another obstacle for the successful phonation
of quantal vowels, which require sufficiently large cavities to generate enough turbulent
air flow for the necessary formation of quantal vowel formant frequencies (Lieberman
1975). Even large-bodied primates such as gorillas, orangutans, chimpanzees, or baboons
lack a humanlike quantal vowel space due to the limitations on formant frequency
stabilization that are inherent to the single-tube vocal tract as well as the simian shelf
(Lieberman 1975; Owren et al. 1997). Another factor might be the lack of articulatory
fine-control required to coordinate the supralaryngeal vocal tract and larynx in nonhuman
primates, which has been linked to the FOXP2 gene; this gene, at least in its human form,
is not present in other primates (Zuberbuhler 2005).

Despite all these differences in vocal tract anatomy, human and nonhuman primate
vocalization shows some remarkable similarities both in acoustic as well as articulatory
terms. Philip Lieberman (1975:97-100) has compiled an extensive list of these
similarities. According to him, nonhuman primates can, and often do:

e produce voiced and unvoiced phonation

e phonate at high frequency, normal frequency, and low frequency

48



4.0

3.0

25

20

1.5

Frequency of £, (kHz)

1.0

0.5

0 0.2 04 06 0.8 1.0 1.2 1.4
Frequency of F, (kHz)

Fig. 6: Human Vowel Space in terms of F1 and F2, and Closest Chimpanzee Capability
to Phonate [a] (1), [i] (2), and [u] (3); modified from Lieberman (1975)

49



e adjust their formal frequency variation, and thus are able to produce paralanguage
(pitch, tone, “breathy” language)
e make extensive use of breath groups
e filter air flow using their supralaryngeal vocal tracts
e produce stops
e potentially use bilabial, dental, and glottal articulation points (it is not actually
clear if they have the neural/muscular fine-control to extensively make use of
these; their most reliably produced consonants are dental, and these are also the
first consonants mastered by human infants (Aitchison 2000); non-human
primates also lack alveolar and velar articulation points)
e transition between formant frequencies during ongoing vocalization, mainly by
articulation of the lips instead of the larynx, which is the case in humans
e produce non-oral nasalized vocalization (humans can only orally produce
nasalized vocalization)
In great likelihood this list is incomplete, as nonhuman primates certainly do not make
use of their full potential vocal ability in their natural vocalization behavior, similar to
how no single human language encompasses the entire phonation range humans can
produce in its native phonemic repertoire (Lieberman 1969). As an example, Japanese
macaques are fully capable of employing the labial articulation point, but almost never do
so in their natural vocalization, instead relying on other articulation points (Itani 1963).
On the other side, there are also a number of things nonhuman primate vocalization

definitely lacks in comparison to that of humans. Nonhuman primates cannot:
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maintain stable formant frequencies over the extent of a breath group without
large fluctuation, which would make any hypothetical speech on their part sound
incomprehensible, or at least coarse and unpleasant to human listeners
(Lieberman 1975)

achieve the same vowel space as humans, due to limitations of the single-tube
vocal tract in terms of maximum expansion (but not constriction) (Fant 1960;
Lieberman 1969)

produce stable quantal vowels (Lieberman 1975)

produce non-nasalized vocalization, due to anti-resonances — frequencies at such
magnitudes that acoustic energy is effectively absorbed — which are caused by
their pharyngeal morphology (Lieberman 1975)

laugh, because of an inability to separate a single expiratory breath phase into
separate sound units (Provine 1996); however, they could produce laugh-like
vocalization during inspiration

produce humanlike formant frequencies (Fitch 2002), although they are latently

able to perceive them (Fitch & Kelley 2000)

In other cases, non-human primates are theoretically able to produce some humanlike

phones but lack the necessary neural prerequisites to do so (Lieberman 1991).

Broadly speaking, nonhuman primates make relatively less use of their articulatory

subsystem than humans in their natural vocalization (MacNeilage 2008). This is not to

say that nonhuman primates do not produce very complex vocalizations themselves;

indeed, many species of Old World Monkeys have developed elaborate call systems

featuring calls that are phonetically very distinct (Zuberblhler 2005), sometimes
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complementing these call systems with additional gesturing — e.g., Rhesus macaques
(Reynolds 1972). Similarly, gibbons have highly complex, multi-syllabic calls with
specific syllabic arrangements that require meticulous articulatory manipulation
(Brockelman & Schilling 1984; Geissmann 1984). Still, just like humans most non-
human primates do not fully exploit the entire repertoire of vocalization available to
them, and computer-modeling studies indicate that even if they did, their vocalization
range would fall short of that which is used by humans in normal language — let alone the
entire human range of vocalization across all languages (Lieberman 1969; de Boer 2010).

Gibbon vocalization raises another issue of importance in nonhuman primate
vocalization: like that of other nonhuman primates, it is an instinctual behavior. Gibbon
calls are population-specific, and hybrids from separate populations produce
corresponding hybrid calls (Geissmann 1984). Likewise, gibbons raised in captivity still
vocalize like their contemporaries in the wild (Brockelman & Schilling 1984). Generally
speaking, nonhuman primates are entirely capable of vocalizing if they wish to, but they
seemingly are unable to not vocalize when they are presented with a stimulus which
would induce such vocalization (Lieberman 1991; Aitchison 2000). Jane Goodall has
reported that chimpanzees at Gombe, when presented with bananas, instinctively
vocalize, which draws other chimpanzees to the site, putting the calling chimpanzee at a
disadvantage because he or she now has to share the food with the other members of his
or her group (although this behavior could also be explained as altruism, which would be
advantageous of the altruistic individual because he or she can expect some favor in
return). When a young male who otherwise was often excluded from the feast due to his

low rank within the group was given some bananas, he had a very hard time trying to
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suppress this sort of vocalization; eventually, he failed, and again had to share most of his
bananas with the higher-ranking other chimpanzees (Goodall 1986). As such, one
definitive feature setting apart human language from nonhuman primate vocalization is
this inability to dissociate vocalization from its corresponding stimulus, and consequently
the ability to use that vocalization in an abstract setting with or without personal gain
(Aitchison 2000).

One explanation that has been offered to explain this phenomenon is that human
speech is tri-phasic, whereas most other mammals rely on bi-phasic vocalization
(MacNeilage 2008). Bi-phasic vocalization is essentially a cooption of the chewing
and/or suckling reflex — i.e., it resembles a steady, rhythmic sequence of opened-closed
mouth configurations. Humans, on the other hand, vocalize in unpredictable open-closed
sequences, which is tri-phasic. Tri-phasic vocalization is almost certainly a simple
modification of bi-phasic sequencing, according to the principle of parsimony — less
evolutionary effort was required to modify an existing mechanism rather than to innovate
an entirely new one. At the same time, some tri-phasic mimic gesturing is actually
present in nonhuman primates in the form of lip smacks, which are regularly performed
in social settings (Redican 1975) and often accompanied by some sort of vocalization
(Green 1975; Andrew 1976). It is thus possible that lip smacks and similar forms of
mimic gesturing could have acted as a sort of behavioral precursor to humanlike speech
(MacNeilage 2008).

—
Many attempts have been made throughout the history of science to go beyond

nonhuman primates’ natural vocalization by teaching them human speech-based
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language. As early as 1747, the French philosopher Julien Offray de La Mettrie, drawing
on René Descartes “béte machine”, argued that chimpanzees could be taught to speak like
humans if one accounts for their neural condition — i.e., teaching them the way one would
teach a mentally retarded, language-impaired child (Lieberman 1975). Many subsequent
attempts were made using this unflattering methodology, but none was successful
(Kellogg 1986) — a trend that has held true to this day.

Beginning in 1951, the scientist couple Keith and Catherine Hayes began rearing a
chimpanzee infant named Viki, together with their own infant son (Hayes & Hayes
1951). They hoped that the same socialization context would enable Viki to speak like a
human child; however, while the Hayes’ son picked up his parents’ language normally
like any human child and additionally learned to vocalize in a similar way to a
chimpanzee from his simian playmate, Viki never managed to say more than four distinct
English words (“mama”, “papa”, “up”, “cup”), even though the Hayes’ actively tried to
help her do so by manually manipulating her vocal tract.

Learning from this experience, subsequent researchers instead focused on teaching
their ape subjects sign languages. This fared much more successfully, as chimpanzees
like Washoe (Gardner & Gardner 1992), Sarah (Premack & Premack 1983), Nim
Chimpsky (Terrace 1979), and Austin & Sherman (Savage-Rumbaugh & Lewin 1994);
gorillas like Koko (Patterson 2001); orangutans like Aazk (Shapiro 1982); or bonobos
like Kanzi (Savage-Rumbaugh & Lewin 1994) all learned to use dozens or even hundreds
of signs, and sometimes also mastered rudimentary grammar (all sources cited in
Desalles 2000). None of these attempts was without their difficulties, as often even very

simple signs had to be repeated hundreds of times to the apes — combined with the
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necessity of rewarding — before they successfully learned them (Desalles 2000). In some
cases, serious setbacks occurred; e.g., in Nim Chimpsky’s case, it eventually turned out
that he might have just mimicked his teachers, but failed to actually understand what he
was doing. Other cases went beyond all expectations; the bonobo Kanzi, in particular,
seems to be a natural prodigy, becoming probably the most prolific nonhuman great ape
communicator ever, knowing more than 1000 signs. What was most impressive was that
Kanzi mostly taught these signs to himself without any human input, and also learned to
understand some simple spoken English. It is certainly possible that Kanzi does not
reflect the language capabilities of an average bonobo, and instead could be an
exceptionally gifted individual. This becomes especially apparent when considering that
his mother, the actual subject of the study who was taught sign language for two years,
learned only six signs after more than 30,000 attempts (Desalles 2000). Yet even Kanzi
never learned to speak English, or any other human language (Desalles 2000; Fitch
2010).

While this might lead one to suspect that great apes do not speak because their vocal
apparatus is insufficiently equipped for such an endeavor, it is not the whole story, and to
find it, one must look outside the primate and mammal realm. The animal studies on
language that have rocked the scientific world to an almost comparable degree as the
great ape studies were those undertaken by Irene Pepperberg on African grey parrots. The
two parrots Pepperberg studied, Alex and Griffin, were capable of learning many
different English phonemes and combining them independently into new vocal constructs
(Pepperberg 2005) — e.g., Alex used “grey” to independently form “grain”, “grate”, and

“grape”. Both Alex and Griffin’s vocalization featured allophones — e.g., the /k/ in “key”
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sounded distinctly different than the /k/ in “cork™ (Patterson & Pepperberg 1998). Alex
also was able to recognize and produce minimal pairs, such as /t/ea and /p/ea, or cor/k/
and cor/n/ (Pepperberg 1999). While the parrots were not able to learn nearly as many
different meanings as great apes, they did understand their meaning and were able to use
them in linguistic contexts accordingly — and, unlike in the case of great apes, there was
little disparity between what could be understood and what could be verbally
communicated (Pepperberg 2005).

Due to the fundamental differences in mammalian and avian vocal tract morphology,
naturally parrot vocalization differs substantially from those of primates — e.g., Alex and
Griffin equally used their tongues and beaks (roughly equivalent to the lips) for
articulatory configuration, whereas primates — including humans — primarily use the
tongue instead of the lips. In other instances, however, there are similarities — e.g., parrots
also have phonation onset and anticipatory coarticulation in that they anticipate upcoming
phonation and adjust their vocal tract accordingly during vocalization (Warren et al.
1996). The success of these parrots in both actively understanding and employing as well
as actually vocally articulating human speech — an area where great apes have failed
(Wray 2005) — raises the question whether humanlike vocalization actually requires a
humanlike vocal apparatus (Pepperberg 1999), and whether the language threshold in
nonhuman primates is thus more likely neurologically determined — e.g., an inability to
control the articulatory musculature in ways required for successful humanlike

vocalization due to neural signaling deficiencies for such purposes (Fitch 2010).
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Vocal Tract Morphology and Speech Production in Human Infants

Besides the study of extant nonhuman primates, another promising scientific approach
that could lead to a greater understanding of human vocal tract morphology and speech
production capabilities is the study of human newborns’ and infants’ vocal tracts. The
rationale behind this is based in fundamentals of embryology stating that,
morphologically speaking, all new vertebrate life is virtually the same at conception
(Shubin 2008). Morphological taxon-distinctive features subsequently arise during
embryological and later fetal development in the womb; in many cases, this
differentiation continues after birth in infants and juveniles, only reaching full completion
in adult specimens — i.e., the maturation process. This especially holds true for humans,
who are born at a relatively premature stage compared to other mammals because the
large human cranium would become too big for the mother’s birth canal at more
developed stages (Shubin 2008). Consequently, alongside many other features, a human
infant’s vocal tract also differs substantially from a fully mature one. The maturation
process of the vocal tract is generally complete by nine to fifteen months of age, when
human children acquire the full range of human vowel vocalization (Winitz 1960).

Generally speaking, a human infant’s vocal tract resembles a nonhuman primate vocal
tract more than an adult human vocal tract, in that its configuration is a single-tube
instead of a bent two-tube (Lieberman 1975). Accordingly, a number of morphological
features associated with such a vocal tract configuration which are present in nonhuman
primates also can be found in human infants (Fig. 7). Most prominently, the human infant
oral cavity to pharyngeal cavity ratio is >1:1, with the oral cavity being significantly

larger than the pharyngeal cavity, which is caused by the lack of laryngeal descent in
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Fig. 7: Human Infant (A) and Chimpanzee (B) Single-Tube Vocal Tract, and Human

Adult (C) Bent Two-Tube Vocal Tract; modified from Lieberman (1975)
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newborns (Negus 1949; Lieberman 1984: Crelin 1987; Lieberman et al. 2001). As was
discussed before, pharyngeal cavity growth is much more pronounced than oral cavity
growth during maturation, with pharyngeal cavity growth being twice as great as oral
cavity growth (Goldstein 1980). The main cause of this is laryngeal descent, which
begins around three months of age and is finalized around four years of age (\VVorperian et
al. 2009); the adult human ~1:1 ratio of oral cavity to pharyngeal cavity is established in
the process (Negus 1949; Crelin 1987; Fitch & Giedd 1999; Vorperian et al. 2005). This
developmental change allows the pharyngeal cavity to function as a resonator of
equivalent magnitude to the oral cavity (Lieberman 1984; Crelin 1987; Titze 1994, Fitch
2000), and thus makes possible the formation of the necessary formant frequencies for
humanlike speech. Growth rates of oral cavity and pharyngeal cavity also vary in
duration, as the oral cavity reaches mature size long before the pharyngeal cavity
(Vorperian et al 2009).

The anatomical processes causing laryngeal descent in human infants include a
descent of the hyoid bone relative to the static hard palate, as well as additional descent
of the laryngeal skeleton relative to the hyoid bone (Fitch & Gied 1999; Lieberman &
McCarthy 1999; Lieberman et al. 2001; Vorperian et al. 2005). Interestingly, throughout
this elongation process of the pharyngeal cavity and the supralaryngeal vocal tract in
general, formant frequencies remain relatively stable, without the acoustical instability
associated with nonhuman primate vocalization (Kent & Murray 1982; Robb et al. 1997;
Gilbert et al. 1997). The large increase in pharyngeal volume and consequently
unchanged resonance could explain this occurrence (Vorperian et al. 2009). However,

because formant frequency magnitude is inversely proportional to vocal tract length, in
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human infants — whose vocal tract length is ~7cm compared to ~15cm and ~18cm in
adult human females and males, respectively (Vorperian et al. 2009) — the formant
frequencies tend to be much higher than in adults. Consequently, human infants’ range
for formant frequency variation is very limited in comparison to that of adult humans
(Truby et al. 1965), but similar to that of non-human primates such as chimpanzees or
gorillas (Lieberman 1975). But unlike human primates, during language acquisition
human infants innately take into account the smaller size of their vocal tracts compared to
those of adults by assuming formant frequencies with similar ratios to those employed by
adults; the human ability to estimate vocal tract size based on formant frequency ratio
then allows adult humans to “calibrate” infant speech in order to correctly perceive it
(Lieberman 1991). Starting around two years of age, formant frequencies begin to fall as
would be expected relative to vocal tract length, and in fact slowly continue to do so
throughout life for both genders, suggesting that there is some slight continuous
morphological change in pharyngeal cavity dimensions even after maturity (Vorperian et
al. 2009).

As was noted in section two, laryngeal descent and pharyngeal cavity growth are also
present in chimpanzee infants and possibly other nonhuman primates, but not to the
extent as happens in human infants. Drawing on these similarities, it seems likely that
such maturation growth trends evolved gradually as demands for increased vocalization
complexity and frequency increased in primates (Fitch 2000b; Fitch 2002). However,
pharyngeal cavity elongation and two-tube supralaryngeal vocal tract configuration were
probably independently-arising features (Lieberman 1975; Stevens 1989), with the latter

arising after the human-chimpanzee split due to its absence in the maturation cycle of
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chimpanzee infants (Nishimura et al. 2006). Because the laryngeal complex and the
pharyngeal cavity originate from different tissues of diverse embryological origins — as is
generally the case for the whole vocal tract and other parts of the head (Sadler 2006;
Shubin 2008) — which corresponds with different growth onset phasing in the maturation
cycle (Vorperian et al. 2009), such a differential evolutionary origin seems even more
likely. Accordingly, the retention of a nonhuman primate-like vocal tract in newborn
human infants can be understood within this context. There are also significant
evolutionary incentives associated with such developmental delay; because newborn
infants still lack the neural capacity to make use of a fully functional vocal tract by means
of language, postponement of its development enables infants to avoid the risks to
survival associated with an adult human vocal tract configuration, such as choking
(Lieberman 1991).

A number of other morphological differences between human infant and adult vocal
tract configuration exist. In all these cases, the human infant vocal tract more closely
resembles that of non-human primates than that of its adult counterpart. Again, Philip
Lieberman (1975:108-113) has compiled a list of these features:

e the ability to seal off the oral cavity with the epiglottis and thus prevent air flow,
which is impossible for adult humans

e adirect continuous opening of the oral cavity into the pharyngeal cavity, without
an intervening laryngeal space

e connection of the hyoid and cricoid cartilages, restricting laryngeal movement
during vocalization to ~5mm compared to ~20mm in adult humans, which

exceeds the difference expected even if body size differences are considered

61



no inferior extension of the anterior portion of the geniohyoid and digastric
muscles, due to a higher positioning of the hyoid bone

inward instead of outward flaring of the mandible, as the associated muscle
attachment sites are brought into correspondence with the above-mentioned
muscles

less vertical inclination of the styloid processes, which serve as muscle attachment
sites for the stylohyoid muscles, which in turn support the hyoid bone

a pushed-back sphenoid bone in order to make room for the higher-positioned
larynx; this — coupled with human orthognathism and bipedalism, the latter of
which has major impacts on cranial and basicranial layout — in turn requires
extensive cranial restructuring during maturation, a process that is distinct from
those of all other mammals (Laitman & Crelin 1976)

a flattened basicranium, caused by a single-tube vocal tract configuration

These morphological differences between the human infant and adult vocal tract

influence human infant vocalization substantially, even though, of course, it is not yet

speech-based — i.e., human infants do not actively and consciously use vocalization to

convey meaning — and vocal tract maturation reconfiguration is usually complete by the

time children extensively begin to use language. On the other hand, the great similarities

between nonhuman-primate and human infant vocal tracts are responsible for the overall

similarities between their vocalizations, although there are some differences — e.g., like

nonhuman primates, human infants lack the required articulatory fine-control for the

application of sufficient muscular tension to the larynx during vocalization in order to

achieve humanlike speech (Lieberman 1975). However, because human infants have no
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hiatus intervocalis, their vocal cords collapse under the air pressure flowing from the
open glottis (Lieberman 1975), causing the “noisiness” associated with human infant
cries. In another example, like non-human primates, human infants’ vowel range is not
large enough to accurately phonate the quantal vowels [a] and [i], which require the
larger cavities of a two-tube bent vocal tract for sufficient supralaryngeal air flow;
however, human infants are much better at phonating [u] because they are not impeded
by the simian shelf (Lieberman 1975). Additionally, because human infants’ articulatory
fine-control is somewhat more developed than that of nonhuman primates, they can
actually raise the back of their tongue to create a “bent” single-tube vocal tract
appearance, which increases their vowel space significantly (Goldstein 1980).

Although no significant sexually dimorphic variation can be detected in children’s
vocal tract morphology until puberty, when males experience additional laryngeal
descent, there actually seems to be some form of sexually dimorphic vocalization in boys
and girls older than four years of age (Perry et al. 2001) — an age where an adult vocal
tract configuration has already been fully obtained (Vorperian et al. 2009). Almost
impossible to notice for a listener, these differences are in fact due to very small but
widespread morphological differences between male and female children’s vocal tracts.
Following is a list of these sexually dimorphic features for different measured anatomical
variables (Vorperian et al. 2009:4-8):

e Total vocal tract length, oral cavity length, pharyngeal cavity length, and pharynx

wall length are all greater in males than in females, as is growth rate

e Nasopharyngeal length’s growth rate is higher in females before late adolescence,

and higher in males thereafter
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e Oropharyngeal width is higher in males than in females during early childhood
and late adolescence, but higher for females during early adolescence; the same is
true for growth rate

e Anterior cavity length is higher in females than in males, as is growth rate

Overall, all variables show significant sexual dimorphism after twelve years of age

except anterior cavity length, with variables being greater in males than females for all
variables after this age (Vorperian et al. 2009). Differential growth rates between the
sexes associated with adolescence might account for these trends, but their absence
before adolescence means that prepubertal vocal tract sexual dimorphism must be caused
by something else. A possible explanation could be differences in growth patterns
associated with different tissues in male and female children; males tend to have very
high proportions of somatic growth associated with most vocal tract variables, whereas
females also have some significant neural growth — although most growth is still somatic

in nature (Vorperian et al. 2009).

Vocal Tract Morphology and Speech Production in Fossil Hominins
Ideally, the fossil record would the best source for evidence concerning hominin
speech and language emergence. In practice, however, this approach is marred by certain
limitations that do not apply to those methodologies presented in the previous sections.
As was mentioned before, the vocal tract consists exclusively of soft tissue — if the hyoid
bone and laryngeal skeleton are excluded. As such, researchers have to rely on skeletal
features to reconstruct hominins’ vocal tracts, and such attempts are problematic at best

and outright wrong at worst, due to the large amount of conjecture that is inherent to the
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process (Lieberman 1975). Early studies analyzing fossil evidence for speech frequently
were troubled by such falsely-drawn conclusions because they focused exclusively on
individual morphological features while neglecting those features’ integrated greater
framework; they did not necessarily view features from a purely functional perspective;
they lacked comparative data, such as from extant nonhuman primates; or, especially in
the very early days of research that preceded the source-filter theory, they did not have a
full understanding of how speech is produced (Lieberman 1975). And even if all these
factors are kept in mind, the limited amount of data available for research — i.e., known
fossils — complicates this approach immensely, a fate that is intrinsic to
paleoanthropology as a whole.

That having been said, the fossil record remains of tremendous importance for any
sort of insight into the emergence of speech. Obviously, any hominin is evolutionarily
closer to modern humans than chimpanzees, let alone other extant primates. Additionally,
knowing the state of vocal tract anatomy in a fossil taxon as well as its degree of relation
to that of Homo sapiens makes it possible to consider a series of “stepping stones” from a
nonhuman primate vocal tract configuration to one that closely resembles a modern one.
Unfortunately, this model does not work out as nicely in reality, with “primitive” and
“modern” morphology occasionally dis- and reappearing at various times in hominin
evolutionary history, and with no clear connection to other trends of morphological
change such as increased orthognathism (Lieberman 1975). However, a general trend of
increasingly “modern” morphology does seem to be present, with australopithecine vocal
tracts resembling chimpanzee vocal tracts more closely than later Homo vocal tracts

(Lieberman 1975).
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Out of all hominin taxa, the best-known one both to science and the general populace
are Neanderthals (either Homo neanderthalensis or Homo sapiens neanderthalensis,
depending on what taxonomy is used — the taxonomic status of Neanderthals would
naturally have large implications on language capabilities, and this question is thus one
that must be resolved for further consideration). This is true for their vocal tract anatomy
as well, with most knowledge available coming from several cranial reconstructions over
the course of the 20™ century. Two of the earliest were made by Pierre Marcellin Boule in
1913 and 1921 (Boe et al. 2002), who reconstructed the well-known La Chapelle-aux-
Saints specimen (La Chapelle-aux-Saints 1); the reconstruction that was most significant
for research into Neanderthal vocalization was made by Lieberman & Crelin (1971), who
based their reconstruction on Boule’s, but put specific focus on vocal tract anatomy
(Lieberman 1975; Boe et al. 2002). Lieberman & Crelin found that Neanderthal vocal
tract morphology more closely resembled that of chimpanzees and, more specifically,
modern human infants, which confirmed a number of earlier observations with similar
results (Crelin 1969; Vlek 1979). They subsequently concluded that Neanderthals lacked
the full range of modern human speech (Falk 1975) (Fig. 8). According to Lieberman &
Crelin (1971:3-10), Neanderthals had:

e geniohyoid muscles that extended only posteriorly, and not also inferiorly as in

modern humans; this indicates less descent of the hyoid bone

e an inward flaring mandible (hence the lack of a prominent chin, which is a

hallmark morphological characteristic of Homo sapiens), and thus no

accommaodation for geniohyoid muscle attachment sites
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Fig. 8: Crania and Reconstructed Laryngeal Structure (Above) and Reconstructed Vocal
Tract (Below) for Modern Human Infants (A), Neanderthals (B), and Adult
Modern Humans (C); modified from Lieberman (1975), after Lieberman &
Crelin (1971)
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more horizontally inclined styloid processes similar to those of modern human
infants, indicating weaker stylohyoid muscles due to less favorable muscle-
attachment sites

a medial pterygoid plate that is more similar to that of modern human infants; this
skeletal feature houses the muscle attachment sites for the pharyngeal constrictor
muscles, which are involved in swallowing; in modern human adults, they also
play a critical part in speaking

a pushed-back sphenoid bone, similar to that of modern human infants

an increased thoracic vertebral canal similar to that of adult modern humans,
which indicates that respiratory fine-control had already emerged in Neanderthals
no laryngeal air sacs, as indicated by the absence of hyoid bullae, which are
walled shell-like bony structures that support the laryngeal air sacs in nonhuman
primates; the bullae’s presence was no longer necessary due to advanced
respiratory fine-control

a larger oral cavity than adult modern humans, and thus a >1:1 oral cavity to
pharyngeal cavity ratio; unlike in modern human infants, the larger oral cavity of
Neanderthals is caused not only by a relatively smaller pharyngeal cavity, but also
by increased prognathism

less descent of the larynx compared to adult modern humans, and a laryngeal
position similar to that of modern human infants (La Chapelle-aux-Saints 1 was
an elderly male; because laryngeal descent is present in both chimpanzees and
modern humans, it is likely that this was also the case for Neanderthals, and thus a

Neanderthal infant might have had an even higher larynx; also, the larynx of a
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Neanderthal female would likely also have been higher, if a similar amount of
sexual dimorphism for laryngeal descent was present in Neanderthals as in
modern humans)
e less descent of the hyoid bone, in order to accommodate the more superiorly-
positioned larynx
e a single-tube supralaryngeal vocal tract configuration, which is indicated by a
number of features, such as a flattened basicranium and a tongue that was too
large to accommodate a bent two-tube vocal tract — the tongue would have been
stretched out, pushing the larynx all the way below the neck into the chest
Based on these morphological results, Lieberman & Crelin postulated a number of
hypotheses concerning Neanderthal vocalization and speech production. They assumed
that, similar to nonhuman primates and modern human infants, Neanderthals could not
distinctively phonate the quantal vowels [a] and [i]. Due to their larger oral cavity — and
thus more room for expansion — coupled with the absence of a simian shelf, Neanderthals
probably phonated [u] more clearly than modern human infants, but still not as precisely
as modern human adults because they lacked the necessary bent two-tube supralaryngeal
vocal tract configuration. This also means that Neanderthal vocalization was most likely
exclusive nasal, similar to that of nonhuman primates; nasalization alone increases error
rate on part of the listener by a minimum of 30% (Lieberman 1975), and thus would have
seriously put Neanderthals at a disadvantage even if they otherwise had fully modern
language — assuming Neanderthal speech perception would have been the same as in
modern humans. Because nothing is known about speech perception as well as any other

neural features of Neanderthals, it cannot be said for certain whether they had some sort
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of language; but, based on vocal tract morphology alone, Lieberman & Crelin argued that
any such language would not have been similar to that of modern humans and most likely
less efficient as well. Following this assumption — if only spoken language is considered
— it is entirely possible that Neanderthals were linguistically “outperformed” by more
efficiently communicating Homo sapiens migrant populations in areas where there was
population overlap, which would eventually have contributed to Neanderthal extinction
(Lieberman 1991).

Paleoanthropology being paleoanthropology, Lieberman & Crelin’s results were
challenged immediately. Critics pointed out that Lieberman & Crelin’s reconstruction
underestimated laryngeal descent in Neanderthals by placing the hyoid bone at a position
that was too high (Falk 1975). Lieberman & Crelin’s estimate of the hyoid bone position
is based on its intersection with the stylohyoid ligaments and geniohyoid muscles, which
are attached to the styloid processes; however, La Chapelle-aux-Saints-1 has very poorly
preserved styloid processes, making any estimation reliant on these features spurious at
best (Falk 1975). Additionally, the second, third, and fourth cervical vertebrae are
missing (Straus & Cave 1957), making reconstruction of the hyoid bone based upon its
position relative to these vertebrae impossible as well (Falk 1975). Complementing this is
the conundrum of a 46° stylohyoid-ligament-to-zygomatic-arch angle coupled with a too-
high hyoid bone making it impossible for Neanderthals to swallow similarly to modern
humans due to conflicting muscle action and crowding, as well as mechanical lack of
space in the pharyngeal cavity (Falk 1975). Besides these issues of a wrongly-placed
hyoid bone, critics also argued that Lieberman & Crelin did not sufficiently take into

account the great overall similarity in morphology of Neanderthal and modern human
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hyoid bones (Arensburg et al. 1989), conforming to an overall morphological
evolutionary trend of hyoid bone shape to a “modern” form (Fig. 9). However, in a
statistical range of similarity for hyoid bone morphology, pigs’ hyoid bones are even
more similar to those of modern humans than Neanderthal hyoid bones (Lieberman
1975). Seeing as pigs do not speak, assertions of hyoid bone morphology being essential

for modern humanlike speech are  thus  somewhat problematic.
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Fig. 9: Hyoid Bone Morphology and Presence/Absence of hyoid bullae in (left to right)

gorillas, chimpanzees, australopithecines, Neanderthals, and modern humans;

Fitch (2010)
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More recent criticism of Lieberman & Crelin’s findings has focused not on their

reconstruction per se, but Boule’s reconstruction on which it was based. Boule used a

chimpanzee skeleton as a base model for his reconstruction, and more recent

reconstructions by Jean-Louis Heim in 1986, 1989, and 1990 revealed the often-times

gross errors that arose from this practice (Boe et al. 2002). Heim’s (Heim 1990:100-113)

reconstructions show — contrary to what Boule’s reconstruction indicated — that:

cranial positioning and basicranial angulation are the same in Neanderthals and
adult modern humans

no notable differences exist in laryngeal descent in Neanderthals and adult
modern humans — an observation which was confirmed by the discovery of a
Neanderthal cranium at Kebara, Israel, which had an articulated hyoid bone at a
similar position as is the case in modern humans (Arensburg et al. 1989)

palatal distance and oral cavity index — i.e., oral cavity height divided by palatal
distance (Honda & Tiede 1998) — are very similar in adult modern humans and
Neanderthals; these values also indicate a similar laryngeal position

no significant differences can be assumed for hyoid-laryngeal musculature, due to
overall similarities of styloid processes, basicranium, mastoid processes, and
mandible; all of which can be used to estimate the position of the larynx and the
dimension of the pharyngeal cavity (Laitman et al. 1979; Arensburg et al. 1985;

Arensburg et al. 1989)

In addition to these findings, laryngeal height index (LHI) analysis for various modern

human ethnic groups past and present, including, among others, ancient Egyptian and

Andean mummies, as well as Neanderthals reveal that the latter comfortably fall within
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the intragroup variation range of modern humans (Heim et al. 2000). Interestingly,
however, Neanderthal values are closer to those of modern human females than modern
human males — mostly due to the larger oral cavity in Neanderthals. The Neanderthal
crania considered in this study — La Chapelle-aux-Saints-1 and La-Ferrassie-1 — both
belong to adult males. A number of possible implications spring from this relationship.
Assuming that Neanderthal laryngeal sexual dimorphism was similar to that of modern
humans, the larynx of Neanderthal adult females and infants would accordingly have
been positioned higher than that of adult males. Considering that the laryngeal height of
adult modern human females is ideal for humanlike speech production, this would have
made adult male Neanderthals more efficient speakers compared to Neanderthal females
and infants; while adult female Neanderthals probably still fell into the range that is
acceptable for efficient humanlike vocalization (de Boer 2010), Neanderthal infants
might have been seriously compromised in their speech production based on laryngeal
height. This was probably not a large disadvantage, as modern human infants only begin
to speak once their initial laryngeal descent is complete, and a similar pattern can be
assumed for Neanderthal infants. Alternatively, the >1:1 oral cavity to pharyngeal cavity
ratio of Neanderthals might have favored a slightly higher larynx, making a hypothetical
adult female Neanderthal larynx height the ideal for their specific vocal tract
morphology. In adult male Neanderthals, then, just as in adult male modern humans,
larynx height would be a compromise between efficient vocalization and size
exaggeration. All these assumption, of course, only hold true if larynx height alone is
considered, while all other vocal tract morphological differences are disregarded; and if

similar patterns of laryngeal sexual dimorphism exist in Neanderthals and modern
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humans. Unfortunately, because there is no evidence for adult female and infant
Neanderthal vocal tract morphology as of yet, these assumptions cannot be tested.

Another important implication about Neanderthal speech capability must be made in
comparison to human infants. Unlike nonhuman primates, human infants — who like
nonhuman primates as well as Neanderthals have a larger oral cavity than pharyngeal
cavity — are capable of raising the back of their tongues due to their more-developed
tongue musculature (Goldstein 1980), which elongates the pharyngeal cavity; by doing
so, human infants can somewhat equalize their oral cavity to pharyngeal cavity ratio.
Neanderthals, whose oral musculature was probably similarly well-developed as that of
modern humans as indicated by the presence of corresponding muscle-attachment sites,
should have been capable of doing the same (Boe et al. 2002). Accordingly, Neanderthals
could compensate for the deficiencies of their single-tube supralaryngeal vocal tract
configuration by means of vocal articulation. As a consequence, it is very likely that
Neanderthals’ vowel space would have been only marginally smaller than that of adult
modern human males and also larger than that of modern human infants due to stronger
musculature and generally larger cavities (Boe et al. 2002) (Fig. 10). Neanderthals’ vowel
range would have been significantly smaller than that of adult modern human females,
however, due to the relationship of larynx height and oral cavity to pharyngeal cavity
ratio — while larynx height is the same in adult male Neanderthals and adult modern
human females, the latters’ ~1:1 oral-cavity to pharyngeal cavity gives them the edge in
terms of maximum vowel space.

It should be noted again at this point that skeletal reconstructions able to only convey

parts of the whole picture; for example, Neanderthals might still have retained the ability
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Fig. 10: Potential Maximum Vowel Space in Terms of F1 and F2 for an adult modern
human male (1), an adult male Neanderthal (2), an adult modern human female
or a 16-year old modern human male (3), a 10-year old modern human child
(4), a 4-year old modern human child (5), and a newborn modern human infant

(6); Boe et al. (2002)

to temporarily descend their larynx during vocalization, like chimpanzees and many other
mammals do (Fitch 2010). If this were the case, it is more than likely that Neanderthals
were able to reduce the differences between theirs and modern humans’ vowel space
even further. However, since no other evidence of extinct hominins’ speech production
capabilities is currently available, research mostly needs to rely on those clues obtainable

from the fossil record.



Compared to Neanderthals, relatively little evidence is available for other hominin
species, due to the relatively small number of known fossils as well as worse preservation
for the much older remains of australopithecines and early Homo. Nevertheless, some
information can be extracted from what data is available to make a number of
interpretations of early hominin vocalization. Lieberman & Crelin (1971), in addition to
their reconstruction of the La Chapelle-aux-Saints-1 specimen, also reconstructed a
number of crania from earlier hominin species, including the Sterkfontein-5 specimen
(“Mrs. Ples”; Australopithecus africanus), the KNM-ER 3733 specimen from Koobi
Fora, Kenya (Homo ergaster/erectus), the Broken Hill specimen (“Rhodesian Man”;
Homo heidelbergensis), the Steinheim specimen (Homo heidelbergensis), the Jebel-
Qafzeh-6 specimen (early Homo sapiens), and the Es-Skhul-5 specimen (early Homo
sapiens).

Unlike their La Chapelle-aux-Saints-1 reconstruction, which was based on Boule’s
earlier one, these reconstructions are original ones; criteria considered for the
reconstructive process include known skeletal homologies of extinct and extant hominin
species, muscle attachment sites, and comparative anatomy between hominins and
nonhuman primates. For all reconstructions, the attempt was made to slightly skew them
in order to bear greater resemblance to modern humans — the goal being to combat bias
and keep results conservative.

Based on the Sterkfontein-5 cranial reconstruction, Australopithecus africanus’s vocal
tract resembles that of chimpanzees and other nonhuman primates, but is relatively larger
(Lieberman & Crelin 1971; Lieberman 1975). A similar vocal tract configuration can be

assumed for the genus Australopithecus as a whole, and consequently, australopithecines’
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vocal capabilities should closely correspond to those of chimpanzees, with the same
limitations as far as modern humanlike speech is concerned (Lieberman 1975). Further
evidence for this assumption comes from the fact that australopithecine and chimpanzee
basicranial morphology also bears overwhelming resemblance (Lieberman 1991).
However, while no morphological adaptations for speech seem to be present in
australopithecines, their significantly larger brain sizes compared to chimpanzees
supports the notion that non-speech-based protolanguage might have preceded speech in
the evolution of the hominin lineage. Instead of vocalization, a hypothetical
australopithecine protolanguage might have relied on other media of communication,
such as gesturing (Hewes 1973). Alternatively, if australopithecines were capable of
vocalization-linked temporal laryngeal descent — which is possible, given that some
primates can do this — vocal protolanguage might have been entirely feasible in
australopithecines (Fitch 2002). The permanently descended larynx that is found in
modern humans might have consequently evolved to make speech faster, more precise,
and more energy-efficient than speech relying on a temporally-descended larynx (Fitch
2002; de Boer 2010).

It is necessary to make some distinction between the gracile australopithecines and the
robust australopithecines — the latter of which are sometimes grouped into their own
genus called Paranthropus. Specifically, the immense differences in facial musculature,
which is strongly pronounced in robust australopithecines such as Australopithecus
robustus or Australopithecus boisei, could significantly have impacted speech
production, as modern humanlike speech relies on orofacial muscular fine-control for

precise articulation (Enard et al. 2002). The general consensus among
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paleoanthropologists is that the strongly-developed facial musculature of robust
australopithecines evolved for more efficient chewing (Reichholf 1997), and is unrelated
to vocalization; however, it is possible that hyper-robust facial musculature of this kind
actually hinders humanlike speech production. The vast reduction of the temporalis
muscle that coincides with the emergence of genus Homo (Fitch 2010) (Fig. 11) probably
occurred for dietary reasons, but it could also very well have been a necessary
prerequisite for the much more recent emergence of orofacial muscular fine-control
(Lieberman 2002), which is linked with the stabilization of the FOXP2 gene ~200,000
years ago (kya) (Enard et al. 2002) — coinciding with the emergence of Homo sapiens.
Just as is the case in terms of supralaryngeal vocal tract morphology,
australopithecines also differ from Homo in that they retained laryngeal air sacs, as
inferred from the presence of hyoid bullae (Alemseged et al. 2006). Complementarily, the
thoracic vertebral canal of Australopithecus afarensis and Australopithecus africanus
lacks the expansion that can be observed in modern humans and Neanderthals, implying
that enhanced respiratory fine-control was absent in australopithecines (MacLarnon &
Hewitt 1999). Thus, because of an inability to maintain the necessary air pressure for
elongated expiratory phases, any hypothetical australopithecine protolanguage that relied
on vocal communication would have been limited to short and relatively un-modulated
utterances, similar to those of nonhuman primates (MacLarnon & Hewitt 1999).
Interestingly, thoracic vertebral expansion is also absent in early Homo, including
Homo habilis and Homo ergaster/erectus (MacLarnon & Hewitt 1999). As a
consequence, while early Homo might have had protolanguage that went significantly

beyond australopithecine vocalization in other aspects, no innovations had yet taken place
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Fig. 11: Extent of the Temporalis Muscles in Western Lowland Gorillas (Gorilla gorilla)

and modern humans; Fitch (2010)

as far as enhanced respiratory fine-control is concerned. Supporters of the presence of
language in early Homo argue that enhanced respiratory fine-control has been linked to
other adaptations found in modern humans, such as bipedalism — the efficiency of which
depends on upright maintenance of the trunk through thoracic and abdominal muscular
action (Lovejoy 1988). Additionally, enhanced respiratory fine-control, while not

essential, makes the kind of long-distance endurance running that is associated with
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Homo ergaster/erectus subsistence strategies much more efficient (Carrier 1984). The
evident lack of respiratory fine-control in early Homo, however, makes this hypothesis
unlikely. Alternatively, increasingly different childbirth due to greater infant cranial size
has been suggested to have necessitated greater respiratory — more specifically, the
associated muscular — fine-control (Rosenberg 1992). While this issue was not yet
present in Homo habilis, it definitely had arisen by the time of Homo ergaster/erectus
(Begun & Walker 1993), which of course still lacked respiratory fine-control; also, the
main muscle involved in childbirth is the uterine muscle, which is innervated from a
different source than the respiratory muscles (MacLarnon & Hewitt 1999). In light of all
these facts, it can be assumed that the main cause for enhanced respiratory fine-control by
means of increased thoracic innervation is its necessity for complex modern humanlike
speech production, and its absence in early Homo makes the presence of such speech
unlikely (MacLarnon & Hewitt 1999; Ghazanfar & Rendall 2008).

While no differences exist between Australopithecus and early Homo in terms of
respiratory fine-control, the situation is different in terms of laryngeal descent. The
flexure of the basicranium in Homo ergaster/erectus indicates a permanently lower
positioning of the larynx compared to australopithecines (Lieberman 1991) — an
adaptation that very well might not initially have happened for vocalization purposes, but
instead in order to facilitate enhanced breathing through the oral cavity in lieu of a lack of
respiratory fine-control. Alternatively, permanent laryngeal descent might have occurred
for size-exaggeration purposes (Nishimura et al. 2006; Fitch 2010), while a suggested
adaption to bipedalism (Falk 1975; Aiello 1996) is unlikely due to the absence of a

permanently descended larynx in australopithecines (Lieberman 1984).
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Laryngeal descent is consecutively more pronounced in Homo heidelbergensis; no
proportional relationship exists to increased orthognathism — i.e., palatal reduction —
which in the Broken Hill cranium is relatively less developed than in the Steinheim
cranium (Lieberman & Crelin 1971). At the same time, however, the major change that
led to the establishment of a modern humanlike ~1:1 oral cavity to pharyngeal cavity
ratio was increased orthognathism and not pharyngeal cavity expansion (Nishimura et al.
2006), and this overall trend of relatively less pharyngeal expansion can be observed in
the Broken Hill specimen as well (Lieberman & Crelin 1971). As such, the exact role that
increased orthognathism played in the emergence of a modern humanlike supralaryngeal
vocal tract ratio remains on the table; however, as was already alluded to previously, the
absence of modern humanlike phonation in certain orthognathic animals such as various
toy breeds of dogs and cats, as well as hyper-orthognathic human infants suggests that it
should not have been the main cause (Fitch 2010).

Although Homo heidelbergensis preceded Neanderthals in evolutionary time — and
might have been the parent species of both Neanderthals and modern humans — their
supralaryngeal vocal tract actually resembles that of modern humans more closely than
that of Neanderthals (Lieberman 1975). While the Steinheim cranium’s poor state of
preservation makes any such inferences impossible, the Broken Hill specimen’s skeletal
morphology — such as the presence of a modern basicranium — suggests that Homo
heidelbergensis’s supralaryngeal vocal tract was intermediate between a single-tube and a
two-tube configuration in that it had the typical 90° bent angle also found in modern
humans, but otherwise no clear boundary between oral and pharyngeal cavity (Lieberman

& Crelin 1971). In terms of speech production capabilities, this means that — based on
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skeletal clues alone — Homo heidelbergensis should have been able to clearly distinguish
between the quantal vowels [a], [i], and [u] in their vocalization, but with less acoustic
stability than is the case in modern humans (Lieberman 1975). Additionally, Homo
heidelbergensis should have been able to produce un-nasalized speech, which
Neanderthals were unable to do (Lieberman 1991). As a consequence from these
morphological adaptations, Homo heidelbergensis’s skeletal morphology brought about
impairments in terms of breathing, chewing, and swallowing, similar to those found in
modern humans; the retainment and even further acceleration of these morphological
features in modern humans point to the presence of enhanced vocal ability and speech
production as an evolutionary driving factor (Lieberman 1991).

An essentially modern humanlike vocal tract configuration and all its associated
features — a bent two-tube supralaryngeal vocal tract, pronounced permanent laryngeal
descent, and enhanced respiratory fine-control — are definitely present in early Homo
sapiens, as seen in the Jebel-Qafzeh-6 and Es-Skhul-5 specimens (Lieberman 1991).
Accordingly, the overall integrated assortment of skeletal adaptations pertaining to
modern human language seems to be species-specific (Lieberman 1975), and probably
arose together with Homo sapiens as a distinct species. Whether language was present in
early Homo sapiens cannot be entirely deduced from this fact because neural
prerequisites play just as important a role in this process; however, the explosion of
cultural expression left in the archeological record of the Middle and Upper Paleolithic —
cave art, cultural artifacts, etc. — is a strong indicator that language was fully present in its
current modern state by then at the latest (Lieberman 1975), and likely even before. A

hypothetical hominin protolanguage that consisted of a mixture of gestures, mimics, and

82



vocalization might thus have become increasingly reliant on vocalization as the primary
language component (Lieberman 1975), with the latter assuming the role it occupies
today by 200-100kya.

The overall evolution of the vocal tract as seen in the fossil record emphasizes the
primary role of speech in this process, as opposed to other factors such as bipedalism.
Enhanced thoracic respiratory control arose sometime between 1.6mya and 100kya, as it
is not present in the bipedal australopithecines and early Homo, but present in
Neanderthals and modern humans (MacLarnon & Hewitt 1999). The same is true for
pronounced laryngeal descent and a bent two-tube supralaryngeal vocal tract
configuration, which arose much later than bipedalism (Lieberman 1975; Lieberman
1991). This assumption of speech being the main factor behind these morphological
changes is further supported by modern medical cases of individuals that lack these
adaptations; for example, individuals suffering from Apert’s and Cruzon’s syndrome
which cause an overextension of the palate are unable to communicate effectively using
speech, but show no impediments in terms of bipedal locomotion (Lieberman 1991).
Because a compromised ability to communicate effectively would have put individuals at
a selective disadvantage both in terms of natural as well as sexual selection (Lieberman
1991), and at the same time individuals with greater communicative ability would have
been at a selective advantage due to being able to exchange potentially life-saving as well
as mate-attracting information (Fitch 2010), and also using communication for social
bonding purposes, it is likely that greater communicative control and articulatory ability
gradually became entrenched as driving forces in the evolution of the vocal tract. The

pace of this development — i.e., the increase in phonological transmission rates — was
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gradually optimized by natural selection in that a balance was established between too-
slow transmission — inefficient — and too-fast transmission — too much physiological
stress on the brain and vocal apparatus (Desalles 2000). Human phonetic ability
consequently accommodates this balance, leading to the modern relationship of

communicative vocal expression and auditory perception that characterizes our species.

Conclusion

Among the myriad of different animal taxa alive today, only humans use language as
their main form of vocalization. However, as this paper shows, language did not grow out
of nothing, but has its roots in the evolutionary past. Indeed, traces of the ability for
communicative vocalization similar to human language can be observed both in living
nonhuman primate and other mammal species as well as the fossil record; even in
humans, such evidence is readily apparent in the maturation process. Language, then, is a
biological feature as much as anything else, and as such it relies on a morphological
framework for its proper functioning. The vocal tract constitutes this framework in
humans, and together with the brain it is the most critical prerequisite for proper human
language use.

In this paper, | approach the unique nature of the human vocal tract from four different
perspectives. In section one, | discuss how each different part belonging to one of the
three vocal tract subsystems works together to form an integrated framework, with each
subsystem fulfilling a unique role for speech production. The way human language works
is dependent on this morphology, and as such, the distinctive features of human speech as

determined by vocal tract morphology are addressed as well.
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To underline the unique nature of humanlike speech, I then turn to the vocalization of
nonhuman primates in section two, discussing the differences in vocal tract anatomy
between different taxa and what implications this has on vocalization behavior. By giving
an overview of nonhuman primates’ ability to emulate human speech, I raise the question
whether the absence of a humanlike vocal tract prevents nonhuman primates from
speaking — the answer being that while it may not be the only barrier, it definitely plays a
large role.

In order to further emphasize that human vocal tract morphology is both
evolutionarily derived as well as critical to human speech production, I look at vocal tract
morphological development in human infants in section three. There, | argue that at birth,
human infants’ vocal tracts closely resemble those of nonhuman primates, and while
some differences exist, human infants’ vocalization is accordingly subject to the same
limitations as far as speech production is concerned.

Lastly, in section four, | turn to the ultimate source for human vocal tract evolution —
the fossil record. | emphasize the difficulties of extracting information from fossils, due
to issues of preservation, fragmentary representation, and lack of context. At the same
time, | discuss how findings concerning the language capabilities of extinct hominins
have changed over time — specifically for Neanderthals. Nevertheless, a general trend
from nonhuman primate-like towards more humanlike vocal tract morphology seems to
be present in the fossil record. | take the stance that while earlier hominins might have
had protolanguage or even some sort of rudimentary language, modern humanlike
language as we know it is a species-specific innovation that arose in its present form

together with Homo sapiens, based on differences in vocal tract morphology between
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these taxa. As such, I do not rule out the possibility that extinct hominins like
Neanderthals talked — but if they did, it would most likely have been substantially
different from the way modern humans do.

Based on the results of this paper, some implications can be drawn. Most prominently,
any hypothesis about language origin and evolution must keep vocal tract morphology in
mind — while it may not be the only factor involved, its role is so important that it cannot
be neglected either. Since human language is overwhelmingly speech-based — and
perhaps was so to an even larger extent in the past, when writing was unknown and sign
was the only viable alternative to spoken language — any morphological deficiency in the
vocal tract would render humanlike language use exceedingly difficult, if not impossible.
At the same time, however, other factors involved in human language must also be kept
in mind. Specifically, neural input as far as language is concerned, as well as the
evolution of the brain in general, are purposefully not addressed in this paper in order to
maintain a reasonable scope of discussion. However, even if vocal tract morphology
alone is considered, the brain plays a significant role by virtue of operating the vocal
tract’s functioning. As a result, future studies on this subject could explore the degree of
neural input in speech production, as well as the evolutionary interrelationship between
brain and vocal tract that lead to the one thing that makes humans essentially human —

language.
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