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ABSTRACT.—Parrots are known for their capacity to reproduce the sounds of human speech,
but few studies have investigated their mechanisms for producing such vocalizations. Using
three methods of noninvasive video imaging (Super VHS video, infrared, X-ray radiography),
we examined correlations between several elements of a Grey Parrot’s (Psittacus erithacus)
vocal-tract configuration and the bird’s production of two vowels, /i/ (“eat””) and /a/ (“rock”).
This parrot uses mechanisms that both resemble and differ from those used by: (a) humans
to produce English speech; and (b) some avian species to produce conspecific vocalizations.
This Grey Parrot, for example, uses its vocal apparatus in some but not all of the ways used
by humans to produce vowels. Although our Grey Parrot, like some oscines, appears to use
beak opening to modify the characteristics of sound, the specific sound-modification prop-
erties of beak opening may or may not be similar to those of nonpsittacids. We describe a
first-order model that, although simplistic, may aid our understanding of the mechanisms
that enable a parrot to reproduce human speech. Received 5 December 1994, accepted 19 June

1995.

ALTHOUGH INSTANCES of allospecific utter-
ances are not uncommon for birds that learn
their vocalizations, only a small subset (e.g.
corvids, stringillids, cacatuids, psittacids) of two
(Passeriformes, Psittaciformes) of the 28 orders
of birds are known to reproduce the sounds of
human speech. Little is yet understood about
the mechanisms of such avian vocal production.
Whether mechanisms differ among mimetic
species (e.g. Nottebohm 1976, Brackenbury 1982,
1989, Gaunt and Gaunt 1985) is unknown, and
only a few studies have compared acoustic and
articulatory aspects of avian and human pro-
ductions (Klatt and Stefanski 1974, Nottebohm
1976, Scanlan 1988, Patterson and Pepperberg
1994).

Specifically, although Homberger (1986) and
Nottebohm (1976) published detailed descrip-
tions of the Grey Parrot (Psittacus erithacus) lin-
gual apparatus and the Orange-winged Ama-
zon (Amazona amazonica) syringeal anatomy, re-
spectively, researchers have not provided cor-
relations between vocal behavior and anatomical
data that are adequate for making detailed com-
parisons between avian and human speech
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mechanisms. In some cases, the limiting factor
was the small lexicon of the avian subject. Scan-
lan (1988), for example, was able to obtain ci-
neradiographic data for the production of only
four instances of an isolated /a/ from a hybrid
Amazon parrot (species not provided) and three
instances of the name “Coco” from a Grey Par-
rot.

Our purpose, therefore, was to obtain suffi-
cient data in order to determine which physical
structures are used and how they are employed
in the production of recognizable psittacine
speech, specifically vowels. Our goal was fea-
sible because our experimental subject, a Grey
Parrot named Alex, uses English speech to iden-
tify, comment upon, refuse, categorize, quan-
tify, or request over 100 different objects, and
produces vocal labels for colors, shapes, mate-
rials, numbers and categories (Pepperberg 1990a,
b, c¢). Moreover, researchers have analyzed the
acoustic characteristics of all the vowels (Pat-
terson and Pepperberg 1994) and many con-
sonants (Patterson and Pepperberg in prep) of
English speech that are produced by this parrot
in a variety of phonological contexts. Such anal-
yses thus can be correlated with the articulatory
data we obtained using three methods of non-
invasive video imaging (Super VHS video
[SVHS], infrared, and X-ray radiography) in or-
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Fig. 1. Dorsal view of Grey Parrot vocal tract.

der to develop a preliminary model for the
mechanisms of vowel production in this ani-
mal.

ANATOMICAL STRUCTURES USED FOR
SPEECH PRODUCTION

OVERVIEW

Speech production in psittacids, as in hu-
mans, is a complex process involving many
structures that must be configured differently
for each sound. It is generally accepted that, in
the avian vocal system, sound is produced in
the syrinx (Greenewalt 1968). The extent to
which suprasyringeal structures (Fig. 1) such as
the trachea, larynx, tongue, and both upper and
lower mandibles serve to modify the resonant
properties of the vocal tract is still under debate.
In contrast, speech in the human vocal system
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Fig.2. Spectrograms of the word “eat” (/it/) pro-

duced by Grey Parrot (Alex) and human female.

is produced by the vibratory elements of the
larynx upon exhalation or, occasionally, inha-
lation and is known to be modified by the su-
pralaryngeal resonating chambers (Fant 1970,
Olive et al. 1993). Structures that are likely in-
volved in this modification are the pharyngeal
walls, tongue, tongue root, velum, sinuses, teeth,
and lips.

Despite parrots’ obvious lack of dentition and
lips, and the dramatic differences between the
morphology of other human and avian vocal
structures, the acoustic characteristics of avian
speech may closely resemble that of humans
(Klatt and Stefanski 1974, Patterson and Pep-
perberg 1994). Spectrograms of a word (“eat”)
produced by a Grey Parrot and a human, for
example (Fig. 2 a, b), have striking similarities,
although the bird’s formants in general are less
distinct. Note that these are true formants, not
harmonics (Patterson and Pepperberg 1994).
Harmonics are integer multiples of the source
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Fig. 3. Cross-sectional view of syrinx of (a) Grey
Parrot (drawing by A. Warren) and (b) Budgerigar
(Melopsittacus undulatus; from King 1989).

vibration (i.e. of the fundamental frequency, F,
of vocal folds of the human larynx or parrot’s
syringeal membranes); formants (e.g. first and
second formant frequencies, F, and F,) may or
may not be linearly related to source frequency,
but primarily are a function of the natural res-
onance of particular configurations of human
supralaryngeal or psittacine suprasyringeal
tracts. How, then, do such different physical
apparatus produce comparable vocalizations? To
answer that question, we describe avian vocal
systems, with an empbhasis on that of the Grey
Parrot.

ROLE OF SYRINX

Anatomical structure.—Psittacine syringes, like
those of many other birds, are classified as trach-
eobronchial if they comprise the posterior end
of the trachea at its bifurcation and the cranial
portions of the bronchi (King 1989) or tracheal
if the medial tympaniform membrane is miss-
ing or nonfunctional (Gaunt and Gaunt 1985).
Unlike many songbirds (e.g. the mimetic Great-
er Indian Hill Mynah, Gracula religiosa), how-
ever, several parrot species that have been ex-
amined appear to have only one site for sound
production within the syrinx (Gaunt and Gaunt
1985, Nottebohm 1976, Patterson and Pepper-
berg 1994). Moreover, according to Scanlan
(1988:140), “The shape and position of the sy-
ringeal cartilages in the grey parrot (Psittacus
erithacus) differ from those of other psittacine
species. . . . the dorso-ventrally oriented cranial
edges of the syringeal cartilages are straight,

Grey Parrot Vowel Production 43

not semi-oval in outline.. . . . Also, the syringeal
cartilages are positioned further craniad than
in all other parrot species studied” (Fig. 3 a, b).
As a result, he postulated that these modifica-
tions may “facilitate control of the intra-syrin-
geal aperture,” perhaps precisely controlling
contact between the two opposing lateral tym-
paniform membranes and tightly coupling
movements of the cartilages and the mem-
branes. The acoustic effect of these morpholog-
ical adaptations could be more periodic sound
production and greater frequency control in
Grey Parrots than in other psittacine species.

Syrinx as a frequency modulator.—Several re-
searchers have proposed that all or most fre-
quency modulation can be performed by the
syrinx, and that the resonant properties of the
rest of the avian vocal tract play little or no part
in the modification of sound (Greenewalt 1968).
Scanlan (1988), who discussed the roles of sev-
eral anatomical structures in psittacine speech,
noted that one of the syringeal constriction
mechanisms in parrots (that involving the lat-
eral tympaniform membranes) functionally re-
sembles that of the human vocal folds in pho-
nation (see also Gaunt and Gaunt 1985); he also,
however, discussed the roles of suprasyringeal
structures (see below). Interestingly, the degree
of the syringeal complexity across avian species
is not directly correlated with the complexity
of their vocal productions, with some syringeal
complexity being necessary but not sufficient
for vocal plasticity (Gaunt 1983). For species
with relatively simple syringes but complex vo-
cal behavior (like the Grey Parrot), such data
imply that other structures must be involved in
the modification of syringeal output. Gaunt
(1983) and Stein (1968) suggested that vocal
plasticity arises in part from neurological ad-
aptations. Although parrots apparently have a
complex neurologic system for vocal control
(Streidter 1994), we propose that suprasyringeal
structures also play a major role.

ROLE OF SUPRASYRINGEAL STRUCTURES

We consider the possibility that vocal abilities
may have arisen through several anatomical
substrates, such that the syrinx would work in
concert with the elements of the suprasyringeal
vocal tract. Many researchers have suggested
that suprasyringeal resonating chambers play a
considerable role in vocalizations, although most
data are for nonpsittacids. Nowicki (1987) ar-
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gued that the frequency shift observed when
oscine whistled songs are produced in a helium
atmosphere (e.g. by Song Sparrows [Melospiza
melodia] and Black-capped Chickadees [Parus
atricapillus]) demonstrates the effect of supra-
syringeal resonance on the output. Correlation-
al evidence also suggests that suprasyringeal
structures are capable of modulating frequen-
cies in a number of other species: domestic
chickens (Gallus domesticus; Myers 1917, Harris
et al. 1968, White 1968); Ross” Geese (Chen rossii)
and Snow Geese (C. hyperborea hyperborea; Suth-
erland and McChesney 1965); Barnacle Geese
(Branta leucopsis; Hausberger et al. 1991); White-
throated Sparrows (Zonotrichia albicollis) and
Swamp Sparrows (Melospiza georgiana; Westneat
et al. 1993). In the following sections we de-
scribe the major suprasyringeal structures and
review the existing correlational evidence for
their role in sound modification.

Trachea.—The Grey Parrot trachea consists of
a series of ossified, complete rings, with mini-
mal intervals between them. These rings can
overlap, allowing the trachea to change in length
or configuration (Fig. 4). An excised (possibly
slightly stretched) Grey Parrot trachea measures
approximately 11 cm (Patterson unpubl. data),
but the range of length in a talking bird is not
known (for critique of measurements taken from
formaldehyde-fixed tissue samples, see Hersch
1966).

The nature of the trachea’s role in sound mod-
ification is debatable. Greenewalt (1968:87),
based on research on Song Sparrows, argued
that “at least for whistled song, the trachea does
not significantly modulate the sounds produced
at the source.” Other authors, however, have
suggested that the trachea may serve as a res-
onant chamber and modulate frequencies by
altering—or being altered in—its length or con-
figuration; such alteration could modify the ef-
fective length of the vocal tract (Stein 1968).
Several investigators, in fact, have noted ap-
parent changes in tracheal length during vo-
calization, although most of the data are for
nonpsittacids. As early as 1917, Myers noted
that artificially shortening the trachea of hens
raised the pitch of their calls. In a more ex-
haustive version of Myers’ study, Harris et al.
(1968) determined that harmonics of artificially
produced sound in the domestic fowl varied
according to tracheal length. They hypothe-
sized that the trachea, beak, and oral cavity of
the chicken may “tune the sound of vocaliza-
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Fig. 4. Dorsal view of Grey Parrot trachea (a) com-
pressed and (b) stretched. Note overlap of tracheal
rings in upper panel.

tion ... to a resonant frequency, which causes
the pitch to be more sharply defined,” and con-
cluded that the trachea and primary bronchi
combine to form a single resonant tube (p. 112).
The elongated tracheal morphology in birds-
of-paradise (Paradisaeidae) may “serve to lower
the pitch of, and perhaps amplify, their vocal-
izations” (Clench 1978:428; see also Frith 1994).
Warner (1971) believed that one of the func-
tions of the extrinsic syringeal muscles in ducks
(Anas, Aythya) was to vary the length and, thus,
the resonant characteristics of the trachea. Suth-
erland and McChesney (1965) suggested that
tracheal resonance plays a role in modulating
the calls of Ross” and Snow geese. Brackenbury
(1978), through an acoustic analysis, surmised
that sound pulses in the Grasshopper Warbler
(Locusta naeiva) exhibit features characteristic of
a pulsed tracheal resonator. In the one study on
psittacids (a Grey Parrot), Scanlan (1988) sug-
gested that the tracheal protraction observed in
an X-ray film of a parrot’s production of the
vowel /o/ (in “Coco”) also was due to length-
ening of the trachea.

Larynx.—Homberger’s (1979) detailed study
of the larynx of a Grey Parrot concentrated on
anatomy and demonstrated that “The extrinsic
musculature moves the larynx with respect to
the hyoid skeleton” and that “laryngeal action
is influenced by the position of the hyoid skel-
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Fig. 5. Dorsal view of Grey Parrot lingual appa-
ratus (from Homberger 1986) with hyoid structure
and glottis marked. In X-ray in subsequent figures,
hyobranchial junction (where hyoid bone of tongue
meets larynx) appears as dark spot on ventral side of
larynx.

eton with respect to the lower jaw” (p. 988). She
found that this psittacine larynx differs anatom-
ically from that of Corvus (Bock 1978) and Gallus
(White 1975), but did not clarify the effect of
such differences on vocal production.

The avian larynx, unlike that of humans, does
not appear to have any vibratory elements ca-
pable of producing sound (McClelland 1989).
The avian larynx may be used instead to modify
sound produced by the syrinx. In that capacity,
the larynx could constrict the glottis to varying
degrees, changing the resonant properties of
the vocal tract to achieve a target vocalization.
White (1968) noted a laryngeal descent during
the crowing of chickens, as well as changes in
laryngeal configuration. Nottebohm (1976) sug-
gested that the acoustic resonating properties
of the nasopharyngeal and buccal cavities and
the tracheal tube of the Orange-winged Ama-
zon could be altered by the rostrocaudal move-
ments of the larynx. Scanlan (1988) noted two
types of movement in laryngeal configuration
in a vocalizing Grey Parrot: preparatory move-
ments that transport the larynx to a vocalizing
position; and synchronic movements that occur
during vocalization.

Tongue.—The skeleton and musculature of the
psittacine tongue is unique among birds (Bur-
ton 1974). The Grey Parrot tongue is supported
by the bony hyoid apparatus, and the glottal
opening can be found in the larynx just dorsal
to the tongue (Fig. 5; Homberger 1986). Three
joints (true diarthroses) in the hyoid apparatus
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together with six extrinsic and seven intrinsic
pairs of lingual muscles can affect motion of the
tongue (Homberger 1986). Although likely to
have evolved for the purposes of eating, this
unique structure allows particularly flexible la-
ryngeal movements within the oro-pharyngeal
cavity (Homberger 1986, Scanlan 1988). That is,
certain movements of the tongue move the lar-
ynx and trachea and, likewise, movement of the
trachea may move the tongue. Nottebohm (1976)
suggested that parrots may use their tongues to
modify the shape and, thus, the resonant prop-
erties of the vocal tract. The tongue, its extrinsic
musculature, and the hyoid apparatus generally
are referred to as the lingual apparatus.

Upper and lower mandibles.—The psittacine jaw
apparatus is characterized by hinged upper and
lower mandibles, with the lower mandible hav-
ing a wide range of motion. Beak movement
during vocalization may serve not only as a
visual display, but also as a means to modify
the characteristics of the sound, namely ampli-
tude and frequency (Westneat et al. 1993). In-
creases in beak opening or gape have been pos-
itively correlated with higher call frequencies
in geese (Hausberger et al. 1991). White-throat-
ed Sparrows and Swamp Sparrows may use beak
gape to change the effective length of the vocal
tract and, thus, track the fundamental frequen-
cy produced by the syrinx (Nowicki et al. un-
publ. data, Westneat et al. 1993). Data from two
experiments, although at first glance in conflict,
support this proposal. In one experiment West-
neat et al. (1993) found that the extent of beak
gape was directly correlated with frequency and
not with amplitude. When sparrows’ beaks were
temporarily immobilized, however, the acous-
tic frequencies of their song elements remained
unchanged, but changes in relative amplitudes
occurred (Nowicki et al. unpubl. data). Thus,
the function of beak opening is not to modify
amplitude independent of frequency (i.e. by
projection), but rather to track (and change with)
frequency so as to maximize the amplitude for
some of the frequencies produced (e.g. to main-
tain adequate amplitude for sounds of partic-
ular frequencies). Similar mechanisms must be
considered for parrots.

Nasal cavity.— Although little information ex-
ists regarding the morphology of psittacine na-
sal cavities, the nasal cavity also may affect the
quality of psittacine vocalization (Nottebohm
1976). Air moves between the pharyngeal and
nasal cavities via the choana, which is framed
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by the paired fleshy choanal folds (Homberger
1980, in press). Thus, the boundary between
these two cavities consists of soft tissue and the
elasticity of this material is likely to affect how
sound energy is transferred from the pharyn-
geal to the nasal cavities.

ARTICULATORY PREDICTIONS BASED ON
ANATOMICAL AND ACOUSTICAL DATA

Background. —Many researchers have de-
signed models of avian vocal mechanisms (e.g.
Fletcher 1988). These models are based on anal-
ogies either with wind instruments (e.g. Myers
1917) or the human voice (e.g. Nowicki and
Marler 1988). In the model based on a wind
instrument, the vocal tract is assumed to be a
single tube that can be opened at both ends
(syrinx and glottis) or only one end (glottis; see
Brackenbury 1982); vocal resonances are tightly
coupled to the source. In the model based on
the human voice, the vocal tract is assumed to
have at least two resonating chambers (Olive et
al. 1993); vocal resonances need not be coupled
to the source.

Most researchers have concentrated on
nonpsittacids. Thorpe (1959, 1961) incorporated
suggestions from prior studies (e.g. Riippell
1933) and proposed that application of one or
the other model depended upon whether a spe-
cies did or did not, respectively, have intrinsic
syringeal muscles. Greenewalt (1968), however,
favored the wind-instrument approach, even
for the production of speech sounds by mynahs.
Harris et al. (1968), in contrast, proposed a mod-
el that considered the trachea to be a cylindrical
tube, the pharynx and buccal area an expand-
able chamber, the syrinx an acoustic oscillator,
and the glottis and beak as variable slits. Al-
though their model actually compares the vocal
tract to an electrical circuit, these researchers’
use of multiple components corresponds to
models proposed for humans.

The few researchers who have proposed
models for psittacid speech have concentrated
on the single-tube approach. Nottebohm (1976:
1633), for example, accounts for the effect of
tracheal resonance by assuming that the tube
could be either opened or closed at one or both
ends, or that “the glottal aperture of the larynx
could vary from (a) fully open to (b), nearly
closed,” such that one end of the tube could
assume a variable opening. We believe, how-
ever, that a multiple-component model (some-
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what along the lines of Harris et al. 1968) is
most appropriate. In the following sections we
describe the generally accepted human model,
explain how psittacine and human structures
might be functionally analogous and, taking
these analogies into account, propose a model
based on, but simpler than, that of Harris et al.
(1968).

Acoustic model based on anatomy.—A two-
chamber model, which includes the oral cavity
and pharynx, was one of the earliest-accepted,
first-order models for human speech produc-
tion (Stevens and House 1961); the model ex-
cludes the nasal cavity from consideration. More
complicated models have been shown to pro-
vide little additional advantage over the two-
chamber model with respect to prediction of
formant frequencies of vowels (Maeda 1991).
The simple two-chamber model is consistent
with the generally accepted notion that each
vowel sound is uniquely defined by its two low-
est formant frequencies, F, and F,. F, roughly
corresponds to tongue height, and F, to tongue
placement with respect to front and back of the
oral cavity (Remez et al. 1987). The model pro-
poses that each formant results from resonance
in a different chamber along the vocal tract. In
a simple two-chamber model, the chambers in
the vocal tract are divided by the tongue, one
chamber being the pharyngeal cavity and the
other the oral cavity. Placement of the tongue
changes with different vowel sounds, thus
modifying relative and absolute attributes of
both chambers and creating unique resonant
characteristics for each vowel (Neary 1978). Ac-
cording to various researchers (e.g. Fant 1970,
Lieberman 1984), the abrupt area-function dis-
continuities created by the tongue in the two-
chamber model are required for vowel produc-
tion and cannot be generated in a single-tube
system.

Given the acoustic similarities of vowels be-
tween humans and our psittacine subject (Pat-
terson and Pepperberg 1994), we hypothesize
that a two-chamber model is appropriate for the
psittacine speech system. In such a model, rem-
iniscent of that of Harris et al. (1968), sound
produced by the syrinx travels up the trachea
and most likely encounters a change in imped-
ance where the trachea (which has a small di-
ameter) meets the oro-pharyngeal cavity (which
has a large diameter). One potential point for
such constriction is the glottis. The change in
impedance should cause resonance in the tra-



January 1996]

Grey Parrot Vowel Production 47

Tongue Placement

FRONT

» BACK

2504

500+ A
] = Aex

in Hz

HIGH

ias in green
Ias in tickle
E as in yellow
2@ as in back

A= Woman aas in rock
- & 4 TR
1| E] EI u as in two
10001 O a A |Low
2500 2000 1500 1000 500
F2-F1 in Hz

Fig. 6. Predicted tongue placement based on acoustic parameters. International Phonetic Alphabet (IPA;

see Pullum and Ladusaw 1986) used throughout.

chea. When the sound exits the oro-pharyngeal
cavity and enters what is essentially an anechoic
arena, it once again must encounter a change
in impedance, causing resonance in an oro-pha-
ryngeal cavity. Hence, there are two major an-
atomical candidates for resonant chambers in
the psittacine vocal tract—the trachea and the
oro-pharyngeal cavity.

Acoustic model based on anatomy and vowel for-
mant frequencies.—Because the tongue plays an
essential role in creating a two-chamber effect
in the human vocal tract, tongue placement is
highly correlated with a vowel’s formant fre-
quencies (Lieberman 1984). For this reason, it
is instructive to characterize vowels based on
where they fall on a tongue-placement chart
(Fig. 6; Borden and Harris 1984). In such charts,
F, (the lowest formant frequency) is plotted
against F, — F, (the difference between the two
lowest formants). Distribution of vowels along
the y-axis is correlated with tongue height,
whereas distribution along the x-axis is corre-
lated with tongue frontedness. Human vowels
tend to fall into four categories: high front, high
back, low front, and low back. Such a represen-
tation makes it possible to predict tongue place-
ment from acoustic information.

Patterson and Pepperberg (1994) similarly
characterized the speech produced by a Grey
Parrot, Alex (Fig. 6). They determined that Alex’s
vowels can be classified into “front/back,” but
not “high/low,” categories of tongue place-

ment (i.e. F,, but notF, varies significantly across
vowels). Although this scheme of categoriza-
tion is specific to human vocal anatomy, the
presence of front/back categories in psittacine
speech is nevertheless of predictive value.

If we assume a simple two-chamber model of
Alex’s speech production, the lower frequency
formant (F,) should be due to resonance in the
longest chamber, and the higher formant (F,)
to resonance in the shortest chamber. It follows
that, because F, varies little across Alex’s vow-
els, we would expect F, to be correlated with a
long tube that keeps a relatively constant length.
Furthermore, because F, differs significantly
among his vowels, we should find F, correlated
with a shorter tube that quickly and substan-
tially can change in length. Vowels classified
as being “fronted” would have shorter F, res-
onating chambers and, hence, higher F, fre-
quencies than “back” vowels.

The obvious candidate for F, production is
the trachea (from syrinx to larynx) because of
its length. The trachea could also be a candidate
for F, production because it is capable of chang-
ing its length (and thus modulating its resonant
frequency) by decreasing the amount of tra-
cheal ring overlap. However, Fletcher (1988)
has suggested that this change in length would
be slight and likely not result in the type of
frequency shift required to produce the varia-
tion seen in F, across vowels.

In contrast, the oro-pharyngeal cavity is ideal
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for producing the frequency shifts seen in F,.
Opening the beak could effectively shorten the
resonating chamber and, thus, increase its res-
onant frequency. Back-front movement of the
larynx could also alter the resonant frequency
of the oro-pharyngeal cavity by changing the
dorsoventral position of the glottal opening. In
accordance with this model, the glottis would
be a possible place of maximum constriction
along the vocal tract and, therefore, the likely
divider between the two chambers. Structures
such as the tongue also may be responsible for
division between the chambers in parrots; such
is the case for humans, who accomplish con-
striction at various points in the vocal tract by
using structures such as the tongue, lips, and
glottis separately or in combination (Ladefoged
1982).

We find evidence to support this two-cham-
ber model of psittacine speech production by
analyzing, via angular and spatial measure-
ments, vocal-tract configurations during vowel
production. We used three methods of nonin-
vasive imaging in an attempt not only to test
the two-chamber model, but also to describe a
number of factors contributing to psittacine
vowel production. Our goal was to determine
the role, if any, of suprasyringeal structures in
vowel production, as well as to correlate ana-
tomical data with data on acoustic output.

METHODS

Subject and vowel samples.—Our subject was a 16-
year-old Grey Parrot named Alex, who can produce
all the vowels of English speech (Patterson and Pep-
perberg 1994). For this investigation, we queried him
about various items and attributes that he was capable
of labeling (Pepperberg 1990a) with the intent of elic-
iting a wide range of sounds in his acoustic repertoire.

The vowels we analyzed in detail were /i/ (as in
eat) and /a/ (as in rock), generally in the context of
a word but occasionally in isolation. Our notation is
that of the International Phonetic Alphabet (IPA),
which is the standard system used by phoneticians
and linguists to represent human speech (Pullum and
Ladusaw 1986). We chose /i/ and /a/ because they
are “point vowels” (i.e. vowels that, in humans, are
most different from one another in terms of both
acoustic characteristics and tongue placement; Borden
and Harris 1984). We successfully obtained six sam-
ples of each vowel sound (two for each word or iso-
lated instance) with the bird in a lateral position.
Words or isolated instances that we elicited contain-
ing the vowel /i/ were: “green,” “ee,” and “eat”. For
the vowel /a/, words we elicited were: “rock,” “want,”
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and “pasta”. Alex closely imitates the New York/Bos-
ton dialect of his principal trainer, LM.P., for whom
the vowels in “rock,” “want,” and “pasta” are essen-
tially equivalent. Interobserver reliability between
D.K.P. and D.K.W. for identification of Alex’s vowels
in context was 96% (for details, see Patterson and
Pepperberg 1994).

Use of vowels in context rather than in isolation
(e.g. Scanlan 1988) generally is preferable for two
reasons. First, our ability to identify Alex’s targeted
vowel is more reliable when the vowel is in the con-
text of a referential term that is specifically being
elicited. Vowel sounds from a parrot that does not
use referential speech may be subject to instability
because of sound play—blends, rearrangements, or
substitutions (Todt 1975, Pepperberg et al. 1991, Pat-
terson and Pepperberg 1994). Second, use of words
facilitates comparisons with human speech: Most
studies on humans rely on vowels in context because
human formants, “to be identified with certainty, must
often be perceived in relation to the frequencies of
some other bit of speech uttered from the same vocal
tract” (Borden and Harris 1984:194). Any differences
we observed between /a/ and /i/, moreover, would
not be significantly affected by use of whole words,
as only about 10% of the variation in, for example,
Alex’s F,across all his vowels was due to phonological
context (Patterson and Pepperberg 1994).

Imaging techniques.—We used three noninvasive
video-imaging techniques: SVHS video, infrared vid-
eo, and X-ray radiography. The SVHS and infrared
data provided qualitative information and a context
for the more detailed analysis performed on the ra-
diographic data. For all three imaging methods, we
attempted to keep our psittacine subject in a position
lateral to the camera.

To observe the external movements associated with
speech production, we filmed Alex with a Panasonic
SVHS AG-450 camera and Maxell XR-S120 SVHS tape
at a rate of 30 frames/s. Although this type of video
provided an external context for the internal move-
ments observed in the X-ray video, lighting difficul-
ties did not allow clear views of the tongue.

In an attempt to determine tongue position during
speech production, we videotaped Alex in the De-
partment of Optical Sciences at the University of Ar-
izona with an infrared camera (ImagIR, Santa Barbara
Focalplane, Goleta, California) at a rate of 30 frames/
s. The imaging system has a sensitivity better than
0.1°C. In this format, his warm tongue was easily vis-
ible when not obstructed by his beak.

In order to see and eventually quantify the move-
ment of internal structures during speech production,
we X-ray videotaped Alex for 22 min at the University
of Arizona Medical Center’s Department of Radiol-
ogy. The center’s equipment consists of a Toshiba
X-ray Machine and an Altronics Medical System HRV
3000 EM High Resolution Multiscan Video Recorder.
Merlin Engineering Works downscanned the result-
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Fig. 7. Anatomical features visible from X-ray of
Alex’s head and upper vocal tract. Dots are placed on
anatomical landmarks used for taking measurements.

ing radiograph from 1,026-line-rate to 512-line-rate
format to enable us to view the tape on conventional
monitors. )

Digital image processing.—We digitized video seg-
ments at a rate of 30 frames/s using a QuickCapture
video-capture card installed in a Macintosh II. Once
the data were in a digital format, they could be an-
alyzed on a Macintosh Powerbook 180c computer us-
ing the public domain NIH Image program (written
by Wayne Rasband, U.S. National Institutes of Health;
available from Internet by anonymous ftp from zip-
py-nimh.nih.gov or on floppy disk from NTIS, 5285
Port Royal Road., Springfield, Virginia 22161, part
number PB93-504868).

When assigning acoustic characteristics to a vocal-
tract configuration, we identified which sounds were
produced (and in which order) in the series of vocal
movements. As is standard for studies in humans (e.g.
Subtelny et al. 1989), we assumed that a directional
change in movement of the vocal structures was cor-
related with production of the target sound. We then
extracted frames containing vowel configurations for
further enhancement and analysis.

Digital image processing enabled us to enhance
specific anatomical structures. The radiopacity of such
structures, which are buried in layers of hard and soft
tissue, varies depending on their position in the bird.
Consequently, such structures cannot be easily ex-
amined on the unprocessed images. We employed
different operations, such as sharpening and smooth-
ing, histogram equalization, density slicing, contrast
manipulation, image magnification, and image sub-
traction to enhance each area of interest. For example,
sharpening the image generally enhanced the portion
of the trachea caudal to the larynx and occupying the
jugulum in the neck rostral to the interscapular re-
gion, but obscured that portion just caudal to the lar-
ynx. Density slicing, however, was useful for visu-
alizing the portion of the trachea obscured by sharp-
ening.
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Analysis.—Based on the procedures described by
Subtelny et al. (1989), we identified visible structures
in the X-ray video (e.g. vertebral column, trachea,
mandibles) and placed six small dots onto predeter-
mined landmarks on these structures (e.g. axis of ver-
tebral column, hyobranchial junction, procricoid of
larynx, craniofacial joint [hinge on upper mandible],
and both bill tips; see black dots on Fig. 7). The axis
of the vertebral column had the advantage of being
the only point dorsal to the trachea that could be
identified consistently. The hyobranchial junction is
where the hyoid bone of the tongue intersects with
the larynx. The hyobranchial junction and the pro-
cricoid cartilage, which can be seen on the X-ray, are
located respectively on the ventral and dorsal surfaces
of the larynx. The visibility of the procricoid and
hyobranchial junction and their placement directly
opposite one another make these structures important
markers. The points on the mandibles were of critical
importance for obtaining measurements of head tilt
and beak gape.

Having tagged the key structures, we could then
place reference lines to enable us to measure the im-
age (Fig. 8). We created a horizontal reference line
parallel to the flattest and most cranial portion of the
skull. We then created two vertical reference lines
perpendicular to the first, with one intersecting the
hinge on the upper mandible and the other the ver-
tebral axis. Next, we took a series of angular (Fig. 8a,
b) and spatial (Fig. 8¢c) measurements designed to
characterize variation in vocal tract configurations
during speech production.

We used several statistical tests to analyze our data.
We used a Tukey test (SAS Institute 1989) to deter-
mine which measurements differed significantly be-
tween the vowels /i/ and /a/. We used GLMs (general
linear models; SAS Institute 1989) to learn how much
variation in each measurement could be explained by
vowel versus word, and to learn if vowel could be
used to predict motions in the suprasyringeal tract.
The results of the GLMs provide more sophisticated
information than do Tukey tests. Finally, we used a
correlation matrix to identify measurements that co-
varied significantly for each vowel. We wanted to
determine which, if any, measurements provided dis-
tinct information and whether measurements that
would be expected to be related were indeed corre-
lated. Moreover, correlations that were not obvious
from, for example, inspection of the X-ray data might
provide information about additional functional re-
lationships during speech acts.

Although the respiratory system, syrinx, trachea,
larynx, glottis, nasal cavity, and mandibles all play
some role, direct or indirect, in psittacine speech pro-
duction, the nature of the imaging techniques we
used allowed only for direct measurement of the po-
sition of the mandibles, hyobranchial junction, and
procricoid of the larynx. The relative position and
configuration of the trachea could be determined, but
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(b)

Fig. 8. Depiction of (a and b) angular and (c) spatial measurements used to characterize Alex’s vocal tract
configurations during his production of /a/ and /i/. A is angle of upper mandible to the horizontal; B is
angle of lower mandible to the horizontal; C is angle of head tilting; D is angle of hyobranchial junction to
procricoid with respect to the vertical; E is angle of beak gape, which can be a negative value if beak tips
overlap; F is vertical position of hyobranchial junction; G is vertical position of procricoid of larynx; H is
horizontal position of hyobranchial junction; I is horizontal position of lower mandible; J is vertical position

of lower beak tip. (E shown separately from A-D for clarity).

no landmarks caudal to the larynx could be tracked
consistently. The position of the tongue can be in-
ferred from the known position of the hyobranchial
junction, but the tongue could rarely be viewed dur-
ing vowel production, even in the infrared video.

RESULTS

Articulatory configurations.—Figure 9 shows the
articulatory configurations associated with /a/
and /i/. In the SVHS image (Fig. 9a), note the
differences in beak gape and the protracted area
below the lower mandible. The infrared images
(Fig. 9b) show no evidence of the tongue in a
high front position relative to the beak. Were
the tongue in such a position, it would be vis-
ible as a light shade of grey in infrared. In the
X-ray images (Fig. 9c), the trachea, the hyo-
branchial junction (where the hyoid bone of the
tongue intersects with the larynx), and the pro-
cricoid cartilage of the larynx are highlighted.
The vertebral column, beak, and skull also are
evident.

Of particular interest are the differences in
tracheal configuration during production of
/a/ and /i/ (Fig. 9). Although we were unable
to extract exact measurements for tracheal length
and protraction, the images suggest that, de-
spite the obvious protraction for /a/, there was
little change in length. Note that the trachea
lies to one side of the medial axis of the bird,
so that, depending upon our view, a protracted
trachea could be foreshortened or otherwise al-
tered in perspective.

Statistical results.—As can be seen from the
results of the Tukey tests (Figs. 10a, b), only a
subset of measurements differ significantly be-
tween vowels. Differences between vowels are
significant (P < 0.05, df = 6) in the angular
position of the lower mandible and hyobran-
chial junction, the overall beak gape, the tilt of
the head, protraction of the hyobranchial junc-
tion, and the position of the lower beak tip.

GLMSs, which are less likely than Tukey tests
to attribute significance to a marginal factor
(Cohen and Cohen 1983), confirm that vowels
are highly correlated to the same six measures
shown to differ significantly in the Tukey tests.
Although correlation coefficients (discussed be-
low) report the extent to which two variables
are positively or negatively correlated, regres-
sion coefficients (from GLMs), which are the
squares of the correlation coefficients, indicate
how much one variable changes as a function
of the other (Schroeder et al. 1986). The GLMs,
unlike Tukey tests, therefore, indicate the ex-
tent to which vowel accounts for the variance
in each measurement (see Table 1). Thus, for
example, GLMs show that the relationship be-
tween vowel and angle of beak gape (E in Fig.
8b; R* = 0.94) is stronger than between vowel
and angle of head tilting (C in Fig. 8a; R? =
0.61).

GLMs also help to demonstrate the effects of
phonetic context of the vowel on the physical
measurements. The context of the vowel is the
word in which it is embedded; thus, we per-
formed additional GLMs (word and word+
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Production of /i/
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Production of /a/

Fig. 9. Alex’s articulatory configurations during production of /i/ and /a/. (a) SVHS video; (b) infrared
video; (¢} X-ray video. UM is uppermandable, LM is lower mandable, P is procricoid, and HBJ is hyobranchial

junction.

vowel) to determine the extent to which word
and word+vowel can account for variance in
each measurement. Word and word+
vowel provided exactly the same results. Both
of these GLMs found that word (or
word +vowel) was highly correlated to only five
of the six measures discussed above, eliminat-
ing angle of head tilt. Note that word accounts
more successfully than vowel alone for each of
these five remaining measures (Table 1).

We used a correlation matrix to examine the

relationships among the various physical mea-
surements, A-K (Fig. 8; see Moore 1992). We
found, for example, the expected close corre-
lations (r > 0.75) between physically related
measurements (Table 2). Other correlations were
significant, but not as robust (r < 0.75). More-
over, physical measurements could be divided
into two groups based on correlational evi-
dence. In group 1, the angle of the lower man-
dible to the horizontal and the angle of beak
gape were closely correlated (r = 0.88, P < 0.001),
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Fig. 10. Means (whiskers indicate SD) of (a) an-
gular and (b) spatial measurements for Alex’s pro-
duction of /a/ and /i/ with statistical significance
determined by Tukey tests (*, P < 0.05). Capital letters
indicate: (A and B) lower mandible opens signifi-
cantly more during /a/ than /i/; (C) head is tilted
back more during /a/ than /i/; (D) procricoid is al-
most directly above hyobranchial junction in /i/, but
is nearly horizontal to junction in /a/; (E) beak is
wide open during /i/, but closed during /a/; (F and
G) vertical positions of hyobranchial junction and
procricoid of larynx do not vary significantly between
/i/ and /a/; (H) hyobranchial junction is protracted
during /a/ and is positioned medially during /i/; (I)
horizontal position of lower mandible does not differ
significantly from /i/ to /a/; (J and K) lower beak tip
is significantly lower during /a/ than /i/, but upper
beak tip does not change its vertical position signif-
icantly.

as was the angle of the lower mandible to the
horizontal and the vertical position of the lower
beak tip (B-E, r = 0.88, P < 0.001) and, conse-
quently, the angle of beak gape and the vertical
position of the lower beak tip (B-J, r = 0.92, P
< 0.001). In group 2, the angle of the hyobran-
chial junction to the procricoid was closely cor-
related to the horizontal position of the hyo-
branchial junction (E-J, r = 0.93, P < 0.001). The
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TABLE 1. Results of a GLM to determine extent to
which vowel or word (context) accounts for vari-
ance in each measurement (letters refer to Fig. 8).

RZ
Word
Measurement Vowel  (context)

B. Angle of the lower man-

dible to the horizontal 0.733***  0.924**
C. Angle of head tilting 0.607** —
D. Angle of hyobranchial

junction to procricoid

with respect to the

vertical 0.853***  0.947***
E. Angle of beak gape (nega-

tive value if beak tips

overlap) 0.941***  0.970%**
H. Horizontal position of

the hyobranchial junction 0.861***  0.950***
J. Vertical position of the

lower beak tip 0.877***  0.962***

**, P < 0.005; ***, P < 0.001.

angle of head tilt (C), which decreases as the
beak comes up, was significantly negatively cor-
related with group 1 and positively correlated
with group 2. This result shows that the head
tilts back as the beak opens.

The division based on correlational evidence
suggests that there might be two distinct groups
of measurements relevant to distinctions be-
tween vowels. However, we also found a con-
sistent pattern of negative correlations between
group 1 and group 2 measurements. Thus, for
example, the angle of the hyobranchial junction
to the procricoid, with respect to the vertical,
is negatively correlated to the vertical position
of the lower beak tip (D-J, r = —0.97, P < 0.001).

Calculations from acoustic and anatomical mea-
sures.—We used previously obtained data on
formant values for vowels (Patterson and Pep-
perberg 1994) and anatomical measures (a dis-

TABLE 2. Pearson product-moment correlations in-
dicating significant associations between measure-
ments. Letters refer to measurements depicted in
Figure 8.

B C D E H
C —0.456
D -0.865 0.673
E 0877 —0.750 —0.922
H -0.892 0.604 0928 —0.956
J 0877 —0.630 —0.968 0920 -0.904
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TaBLE 3. Cavity-length calculations associated with
measured formant frequencies.

Calculated
cavity
Formant  length Acoustic correlate
(F) value (cm) of F value
932 9.50 Value for /i/, vowel with
highest mean F,
805 10.99 Value for /1/, vowel with
lowest mean F,?
684 12.94 Value for /o/®
841 10.52 Mean F2
844 10.48 Mean F, for Alex’s front®
vowels /i,1,e,E, ae/
838 10.56 Mean F, for Alex’s back®
vowels /a,d, U/
2,775 3.19 Value for /i/, vowel with
highest F,
1,433 6.18 Value for /a/, vowel with
lowest F2
2,028 4.36 Mean F*
2,350 3.77 Mean F, for Alex’s front*
vowels /i, 1, e, E, ae/
1,506 5.88 Mean F, for Alex’s back®

vowels /a, 3, U/

* fo/ is excluded from calculations because of its outlier status. In 29
of 30 cases, fo/ was characterized by a single, low, broad formant
(Patterson and Pepperberg 1994).

* Value for /o/ presented for completeness.

< Designation front and back refer to tongue-placement charts used
for humans (see Fig. 6).

sected specimen of Psittacus erithacus erithacus;
Patterson unpubl. data) to determine whether
the trends predicted from the X-ray data were
consistent with a two-chamber model. Using
the formula,

X =34,400/4F,, 1)

where X is the length of a uniform tube in cm
and F, is the nth formant frequency in hertz
(Hz), we calculate the required cavity length
for the production of a measured formant fre-
quency. The results are presented in Table 3.

DiscussioN

Our results provide considerable information
about a Grey Parrot’s vocal tract and the mech-
anisms this parrot uses to produce certain vow-

" els. We discuss our findings with respect to: (1)
comparisons between mechanisms for human
and Grey Parrot vowel production; (2) possible
correlations among the statistically significant
measurements we obtained from our X-ray data;
(3) the extent to which vowels and their context
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are related to motions in the vocal tract; (4) a
two-chamber model for production in a parrot
that is comparable to those proposed for hu-
mans; and (5) other possible models for vowel
production.

Mechanisms for vocal production in humans and
a Grey Parrot. —Our investigation reveals some
of the mechanisms used by a Grey Parrot to
produce the human vowels /a/ and /i/. These
mechanisms can be distinctly different from
those used by humans. Several striking simi-
larities, however, exist between human and avi-
an vowel production.

The differences between human and avian
vocal strategies appear to be a consequence of
the differing constraints and flexibilities of their
vocal structures. Tukey test results suggest that
Alex’s production of the point vowels /a/ and
/i/ is correlated to the functional morphology
of his vocal tract. Alex’s trachea has consider-
able flexibility; it is protracted during the pro-
duction of /a/, but not during the production
of /i/. The procricoid cartilage tilts caudally
during the tracheal protraction, positioning it
horizontal to the hyobranchial junction. A back-
ward tilt of the head also is associated with
/a/ and may facilitate the protraction of the
trachea. In contrast, the human trachea is sta-
tionary and plays little role in sound moditi-
cation, probably because it is below the laryn-
geal sound source (Dickson and Maue-Dickson
1982). Although an open mouth is characteristic
of a human /a/ (Fromkin and Rodman 1983), a
closed beak was associated with Alex’s /a/ (Figs.
9a, b). Then too, Alex’s /i/ was associated with
a very open beak (Figs. 9a, b), in contrast to the
relatively closed mouth of humans (Fromkin
and Rodman 1983). Although both mandibles
are hinged, the Tukey tests and GLMs show that
the angle of the lower mandible to the hori-
zontal contributes most to beak gape. The actual
horizontal position of the lower mandible,
however, does not change significantly be-
tween the vowels we studied. Further investi-
gation is needed to determine what roles tra-
cheal configuration and beak gape play in the
resonance of other vowels.

Our study also reveals similarities in the
speech mechanisms of Alex and humans.
Acoustic information on Alex’s vowels (Patter-
son and Pepperberg 1994) suggests a frontal
tongue position for /i/ and a back tongue po-
sition for /a/, as is seen for humans (Fig. 6).
X-ray data are consistent with this finding. Alex’s
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trachea is protracted and the hyobranchial junc-
tion (on ventral surface of larynx, where larynx
and hyoid bone of tongue intersect; see Fig. 5)
is in a caudal position during the production of
/a/, but the trachea is not protracted and the
hyobranchial junction is in a relatively cranial
position for /i/. Judging from these data and
Scanlan’s (1988:155) statement that ““Gross
movements of the larynx in birds are necessar-
ily associated with movements of the tongue,”
we suggest that Alex’s tongue, like that of hu-
mans, is retracted for /a/ and protracted for
/i/. Further exploration is needed to determine
whether tongue position in the oro-pharyngeal
cavity is merely incidental to tracheal position
or beak opening, or if the tongue plays an active
role in sound modification.

Correlations between vocal tract measurements for
avian [i/ and [a/.—Many structures appear to
work in concert to enable a Grey Parrot to pro-
duce human vowels. Front vowels such as /i/
are characterized by an open beak, a nonpro-
tracted trachea, and probably a frontal position
of the tongue, with an anterior orientation of
the glottal opening. In contrast, back vowels
such as /a/ are characterized by a closed beak,
a protracted trachea, and probably a back tongue
position, with a superior orientation of the glot-
tal opening.

The correlation matrix demonstrates that, as
the beak opens, the hyobranchial junction moves
forward (i.e. for /i/) and, as the beak closes, the
hyobranchial junction retreats toward the spi-
nal cord (i.e. for /a/). Such a correlation was
unexpected because the physical relationship of
the involved structures was not immediately
obvious from the X-ray images. However, an-
atomical connections, although indirect, may
exist between these structures. Whether move-
ment of these two structures is correlated for
vowels other than /i/ and /a/—for example,
vowels that differ significantly with respect to
F,, such as /i/ and /o/, as well as or instead of
F,—is still an issue.

Other aspects of how our Grey Parrot pro-
duces human speech remain unclear. The actual
role of head tilt is unknown; most likely head
tilt simply facilitates opening of the lower man-
dible, much like head tilt enables humans to
open their mouths more widely. The function
of structures like the nasal cavities, the syrinx,
glottis, and tongue, for example, can only be
inferred from the imaging processes we have
used so far.
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Fig.11 Schematic drawing of two-chamber model
for vowel production in Grey Parrots. Arrows indicate
air flow during speech.

Vowels, context, and motion in the suprasyringeal
tract.—To learn whether vowels or words could
be used to predict motions in the suprasyringeal
tract, we ran GLMs. We constructed three mod-
els (word [i.e. context], vowel, and vow-
el+word) in order to compare the overlap in
variance predicted by context and variance pre-
dicted by vowel (i.e. multicolinearity). We
needed to learn if the variance could be signif-
icantly attributed to vowel rather than to word.
Because vowel is included in word, we expected
a high degree of multicolinearity, and we ac-
tually found that word and word+vowel ac-
count for exactly the same amount of variance.
Table 1 shows that most of the change in mea-
surements can be attributed to context (i.e. word)
but confirm that much of the variance is actually
due to vowel. Thus, vowel by itself can explain
considerable variance in the physical measure-
ments. Word contains more information be-
cause it contains the context as well as the vowel
and, in general, additional information increas-
es the amount of variance that can be explained
by any model (Cohen and Cohen 1983). Wheth-
er we look at word or vowel, we find that mo-
tions in the suprasyringeal vocal tract are high-
ly correlated to the particular speech produced.
The evidence strongly supports our claim that
movement in the suprasyringeal vocal tract is
correlated to (and probably causally related to)
speech sounds produced by our subject and that
the various structures of the vocal tract must
move in concert in order to produce the phys-
ical configurations that enable a Grey Parrot to
emit vowels such as /i/ and /a/.

Human based model for psittacine speech produc-
tion.—Our results suggest that a two-chamber
model of speech production (Fig. 11) is a useful
starting point for understanding the complex
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mechanisms enabling speech production in a
Grey Parrot. In such a model, the oro-pharyn-
geal cavity is represented as a short tube that
can quickly and substantially alter its configu-
ration, causing relatively large changes in res-
onant frequency; the trachea is represented as
a long tube that keeps a relatively constant
length with a relatively constant resonance. The
model might allow coupling between chambers
in specific instances. The model also provides
ameans of comparing the mechanisms of Alex’s
production of vowels with the mechanisms of
oscine song production.

Our data are consistent with an association
between the oro-pharyngeal cavity and F,,
which varies significantly (Tukey test) between
/i/ and /a/. We find, for example, that the length
of the oro-pharyngeal cavity can be facilely in-
fluenced by the degree of beak gape and prob-
ably the tongue and glottis. When the beak is
open, the tongue forward, and the glottis rel-
atively far to the front, the length of the oro-
pharyngeal cavity effectively decreases and its
resonant frequency increases, which is what we
observe for the vowel /i/ (¥ = 2,775 Hz; Pat-
terson and Pepperberg 1994). When the beak is
closed, the tongue back, and the glottis less far
to the front, the oro-pharyngeal cavity is effec-
tively enlarged, causing a lowering of its res-
onant frequency, which is what we observe for
/a/ (X = 1,433 Hz; Patterson and Pepperberg
1994). The association is also supported by our
calculations (Table 3) based on acoustic and an-
atomical data. To produce the highest and low-
est F,’s, Alex’s oro-pharyngeal cavity must vary
between 3.19 and 6.18 cm in length; to produce
the mean F, across vowels, the cavity would
need to be 3.68 cm long. Anatomically, we find
that the combined length of the buccal and pha-
ryngeal cavities is 3.69 cm. Whether the length
of the oro-pharyngeal cavity can increase by
67% through retraction of the larynx or closing
of the beak is unknown, but a 14% decrease from
the measured value is within reason. If, how-
ever, the amount of vocal tract constriction af-
fects formants to the same extent for parrots as
for humans (Gay et al. 1991), Alex might be able
to use constriction of the glottis to produce par-
ticular resonant frequencies through other, more
complex mechanisms than changes in oro-pha-
ryngeal or tracheal length.

Our data are also consistent with an associ-
ation between the trachea and F,. Although the
configuration of the trachea differs consider-
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ably between /a/ and /i/, it does not appear to
change very much in length. To produce the
highest and lowest F,’s, Alex’s trachea would
have to vary between 9.50 and 10.99 cm; to pro-
duce the mean F, across vowels, the tracheal
length should be 10.71 cm. Our observation is
supported by data from a dissected Grey Parrot
(Patterson unpubl. data), in which the length
of a slightly stretched trachea was 11 cm (more
than twice as long as structures that comprise
the oro-pharyngeal cavity) and could be
stretched by only about 10% of its length. Such
findings are consistent with an association be-
tween the trachea and F;, which does not vary
significantly (Tukey test) between /a/ and /i/
(x = 872 and 932 Hz, respectively; Patterson and
Pepperberg 1994). Possibly the trachea may be
significant as a source of low frequencies when
protracted; before making any definite claims,
however, we must compare X-ray or other, more
sophisticated data for tracheal configurations for
vowels such as /i/ and /o/, for which F, does
vary significantly (Patterson and Pepperberg
1994).

We also find at least one circumstance which
would require coupling of the two chambers.
In our calculations, /o/, which in 29 of 30 doc-
umented cases (Patterson and Pepperberg 1994)
was characterized by only a single formant, re-
quires a tube length of 12.94 cm. Such a length
could be produced through a coupling of the
tracheal and oro-pharyngeal cavities to form a
single tube.

Although our model suggests that beak open-
ing plays an important role in the production
of vowels, such an assumption must be evalu-
ated in the light of the role of beak opening in
oscine song production (see discussion in
Fletcher 1988). Until the results of an immo-
bilization study (Nowicki et al. unpubl. data)
were evaluated, beak gape in sparrows was
thought to be correlated with frequency rather
than amplitude at a given frequency. Conceiv-
ably, beak gape in the Grey Parrot, like that in
sparrows, tracks the movement of other struc-
ture(s) responsible for the F, and F, of vowel
production.

Other models.—Other models for speech pro-
duction also may be consistent with our data.
Models for human speech production, for ex-
ample, take into account more extensive details
of tongue movement (e.g. Stone 1991), nonlin-
ear exchange of energy in the vocal tract to
determine what aspects of the speech spectrum
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should be attributed to the source versus the
filter (McGowan 1991), and the limitations that
might exist in one- versus three-dimensional
models (Kagawa et al. 1992). The general con-
sensus, however, is that, despite the large num-
ber of ongoing human studies, models are cur-
rently constrained by the quality of empirical
knowledge (Crelin 1987). According to Fant
(1991:490), “There is an apparent lack of ana-
tomical and physiological data, a lack of insight
into dynamic variations of control parameters
and lack of flexibility to continuously adapt to
configurational variations such as overall tract
length, lateral dimensions and essential cavity
structures of consonants. We need more insight
into voice and noise source interaction, mutu-
ally and with respect to the tract system func-
tion.” Given the paucity of research on psitta-
cine vocal tracts, it is unlikely that any sophis-
ticated models will be developed in the near
future. However, although more complex three-
dimensional models might provide more de-
tailed correlations between form and function,
such models may not be necessary for deter-
mining correlations between formant values and
physical structures. Different models perform
different functions and, even in humans, one-
dimensional linear wave-propagation models
appear adequate for calculating formant fre-
quencies of a given vocal tract (Maeda 1991).
General comments. —Future research into
speech mechanisms of psittacids should serve
to create a more detailed model of their speech
production. Our study is but a first step in de-
termining the mechanisms used by a nonhu-
man, nonprimate, nonmammal to produce
sounds of human speech. We have shown that
a Grey Parrot, without benefit of lips and teeth,
and with lungs, nasal cavities, trachea, bronchi,
larynx, and a tongue that differ considerably
from human structures, can produce sounds
comparable to those of English speech. The ex-
tent to which our findings generalize to other
parrots is unknown. The articulatory mecha-
nisms of individual parrots, like those of indj-
vidual humans (e.g. Johnson et al. 1993), may
show considerable speaker-specific differences,
and psittacine mechanisms are also likely to dif-
fer across species. Our findings nevertheless
raise questions about the degree to which hu-
man structures and mechanisms are necessary
for the production of English speech. Possibly,
by comparing and contrasting production
mechanisms in “talking” birds and humans, we
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can more precisely define what is required for
speech.
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