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Summary
Human speech and bird vocalization are complex
communicative behaviors with notable similarities in
development and underlying mechanisms [1]. However, there is an important difference between humans
and birds in the way vocal complexity is generally produced. Human speech originates from independent
modulatory actions of a sound source, e.g., the vibrating vocal folds, and an acoustic filter, formed by the
resonances of the vocal tract (formants) [2]. Modulation in bird vocalization, in contrast, is thought to originate predominantly from the sound source [3], whereas
the role of the resonance filter is only subsidiary in
emphasizing the complex time-frequency patterns of
the source (e.g., [4–7], but see [8]). However, it has
been suggested that, analogous to human speech production [9], tongue movements observed in parrot vocalizations modulate formant characteristics independently from the vocal source [10–15]. As yet, direct
evidence of such a causal relationship is lacking. In
five Monk parakeets, Myiopsitta monachus, we replaced the vocal source, the syrinx, with a small
speaker that generated a broad-band sound, and we
measured the effects of tongue placement on the
sound emitted from the beak. The results show that
tongue movements cause significant frequency changes
in two formants and cause amplitude changes in all
four formants present between 0.5 and 10 kHz. We
suggest that lingual articulation may thus in part explain the well-known ability of parrots to mimic human
speech, and, even more intriguingly, may also underlie
a speech-like formant system in natural parrot vocalizations.
Results and Discussion
We obtained feral Monk parakeets that were caught in
a government pest control program in Florida, where
this South American species has been artificially intro*Correspondence: g.j.l.beckers@umail.leidenuniv.nl

duced in the past. We euthanized the animals with an
overdose of anesthetic immediately before the start of
each experiment. The vocal sound source in parrots is
formed by vibrating membranes in the syrinx, situated
in the trachea at the tracheobronchial junction [16]. We
replaced the syrinx with a small speaker that produced
frequency sweeps from 0.5 to 11 kHz and measured the
effect of tongue position on vocal-tract resonances. We
varied the position of the tongue in the beak systematically in a sagittal plane (front-to-back ⫻ low-to-high
placements, with respect to the mandible) by using a
micromanipulator. The tongue in parrots is underpinned
by the hyoid skeleton, which also supports the larynx
[15]. Tongue movements thus cause concurrent movements of the larynx [11, 13].
Figure 1 shows, as an example, the resulting vocal
tract resonance patterns in one animal. Four formants
are clearly visible (F1–F4, with F1 having the lowest
frequency). The center frequencies of F1 and F3 and
the amplitudes of all four formants clearly depend on
tongue position. The four other animals tested showed
similar patterns, and we therefore averaged the amplitudes and center frequencies of each formant at different tongue positions over all five animals. The results
are shown in Figure 2.
To our knowledge, these are the first experimental
data showing that vocal-tract resonances create strong
formant patterns in a parrot. Moreover, our study provides evidence for the idea that such formant patterns
are modulated by lingual articulation. This evidence is
strong because our methodology enabled us to quantify
acoustic filtering of the vocal tract separately from the
acoustics of the syringeal sound source.
Formant variation in Monk parakeet vocalizations may
be even more extensive than shown in this study. We
varied the placement of the tongue (and concurrently
that of the larynx because both are attached to the hyoid
apparatus) but took care to keep other factors constant.
There are, for example, a number of other structures
that may play a role in formant modulation in real vocalizations. First, although the position of the larynx is
structurally coupled to placement of the tongue, the
larynx can also be moved with respect to the lingual
apparatus, and net laryngeal movements in live animals
will thus be the result of the superimposition of this type
of movement on lingual movement [15, 17]. The position
of the larynx will likely influence resonance characteristics. Second, beak gape changes often occur during
vocalizations, presumably altering resonance characteristics. Third, the length of the trachea is likely an important factor in vocal-tract resonance, and it may be modulated during vocalization. Fourth, the glottal opening
may be modulated. All of these factors, and perhaps
more, can have their own independent dynamics during
vocalization and may thus contribute to a high-dimensional system that determines formant patterns in more
elaborate ways than those found in this study.
Conversely, it should be noted that an underlying assumption of our study is that the tested tongue place-
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Figure 1. Vocal-Tract Resonance Characteristics as a Function of Tongue Placement in
One Individual Parakeet
Each subplot shows the sound energy density as a function of sound frequency and
front-to-back placements of the tongue
(these placements are expressed as the distance from the most frontal position in the
beak). Different subplots correspond to different low-to-high placements (expressed as
the distance from the lowest position on the
floor of the beak). Red–orange areas indicate
relatively high sound levels and correspond
to vocal-tract resonances, called formants.

ments are indeed possible in vocalizing parakeets.
Tongue movements are often observed in natural Monk
parakeet vocalizations (G.J.L.B., personal observations)
and in mimic speech of other parrots [10–13], which
offers support for this assumption. However, the full
range of tongue placements tested in this study, and
thus their corresponding formant patterns, need not
necessarily be used in vocalizations. Also, there may be
differences in the exact vocal-tract geometry and tissue
characteristics of vocalizing birds and the dead preparations tested in our study. The degree of glottal opening
and the length of the trachea, for example, are unlikely to
be exactly the same in both conditions. Such differences
may cause deviations in absolute formant frequencies,
although we believe they are unlikely to affect the patterns of modulation caused by tongue movements.
In a comparison of our findings in Monk parakeets
with human speech production, it is interesting to note
that vowels in American English are uniquely determined
by F1 and F2 frequencies, the variation in which is
caused by variation in the front-to-back and low-to-high
placement of the tongue. In Monk parakeets, the same
tongue movements also influence formant patterns, but
front-to-back tongue movements seem to modulate formant characteristics in a more complex way than do
low-to-high movements. Front-to-back movements
modulate the center frequencies of F1 and F3, in opposite directions, and the amplitudes of all formants in
nonuniform ways. Low-to-high movements have an overall

attenuating effect on the amplitudes of all formants but
also influence the center frequencies of F1 and F3.
The frequency axis in Figures 1 and 2 has a linear
scale, on which F3 modulation may seem much larger
as compared to F1 modulation. However, frequency
modulations are not perceived in a linear way in humans,
and because basic hearing characteristics are not very
different between humans and birds [18, 19], the same
may be true for Monk parakeets. In humans, the perception of frequency—pitch—is often expressed on a mel
scale, such that frequencies that are spaced at equal
distances along this scale are judged to be related by
the same pitch ratio [20]. On this scale, F1 variation in
Figure 2 has a range of 281 mels, and F3 variation has
a range of 392 mels. For a comparison: in American
English, F1 and F2 frequencies have ranges of about 500
and 800 mels, respectively [21]. Meaningful differences
may be much smaller, however. In female speakers of
American English, F1 in /o/ and /a/ vowels, for example,
differs about 200 mels, whereas F2 is not different at all.
We believe that a vocal-tract filter with the strong
modulatory formant patterns present in Monk parakeets
may occur in other parrots as well because the general
morphology of the vocal tract is shared among psittaciform birds. In addition to syringeal dynamics [22], this
may explain the well-known and remarkable ability of
parrots to mimic human speech, in which formant patterns are an important information-coding characteristic. How Monk parakeets mimic speech is an issue not
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Figure 2. Average Formant Frequencies and Amplitudes as a Function of Tongue Placement in Five Parakeets
Whiskers indicate ranges, and formant amplitude is color-coded in dB relative to the maximum average amplitude. Some tongue placements
resulted in less than four significant formants in some animals (see, for instance, frontal and high tongue placements in Figure 1, where F4
is sometimes not present). The number of animals over which the averages are calculated is therefore indicated by the diameter of the circles.
Gray vertical bars and numbers at the right of each subplot indicate the range of the average frequency of each formant.

addressed in this study, but it seems clear that matching
of F1–F2 absolute frequencies of vowels is unlikely. F1
in speech is far below the lowest formant found in Monk
parakeets in this study (0.3–0.9 kHz versus 1.3–1.9 kHz),
and it is hard to envision how structures of the relatively
small size found in a Monk parakeet vocal tract could
produce resonances within the human F1 range. In a
series of landmark studies, the acoustic correspondence between human phonemes and their parrot mimic
counterparts [12, 14], the correlation between acoustic
features and articulation [13], and the morphology of
vocal-tract structures [23] have been investigated in
Gray parrots, Psittacus erithacus. The F1 in mimic vowels of the one individual tested in this species varies
between 0.8 and 1.0 kHz and does not match the F1 of
tutor vowels outside this range [12]. Nevertheless, mimic
vowels were categorized correctly by human listeners,

probably because they rely on F2, which was reproduced correctly, and additional unknown cues. Also,
human perception of vowels depends strongly on patterns of formant positions, rather than exact absolute
frequencies [24]. The current study shows that the
ranges of human F2 and higher formants are within the
vocal possibilities of Monk parakeets.
Although the topic of mimic speech in parrots is an
interesting one [25], lingual articulation in parrots may
also be an important factor in the production of their
natural vocalizations. Monk parakeet vocalizations, like
many other parrot vocalizations, have a broad-band frequency spectrum [26], and formant patterns such as
those found in our study will shape such vocalizations
to a significant extent. Figure 3 shows typical examples
of natural greeting calls of one of the Monk parakeets
used in our study; these examples strongly suggest that
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Figure 3. Spectrograms of Three Exemplary
Greeting Calls from a Randomly Selected
Monk Parakeet Used in this Study
Note the four time-varying darker areas that
are suggestive of formants. The other individuals showed similar complex patterns in their
greeting calls. The frequency ranges of the
highest three of the four areas fall within the
frequency ranges of F2, F3, and F4 in Figure
2 very well. The lowest presumed formant,
however, is 0.5–0.8 kHz higher than F1 in our
measurements. Spectrograms were calculated with a Short-Time Fourier Transform,
with a Gausian 3 ms window and a 30 dB
dynamic range.

complex formant patterns are present in the normal vocalizations of this species. Similar patterns can be seen
in published spectrograms of a closely related parrot,
the Orange-fronted conure, Aratinga canicularis [27].
Some caution in this interpretation is needed, however,
because vocalizations are the product of the combined
action of a sound source and a vocal-tract resonance
filter, and we do not know what the contribution of the
source sound is in the spectral pattern. The mechanical
details of source sound production in parrots are not
understood yet. Spectrograms of Monk parakeet vocalizations often show complex patterns of discrete frequency bands, partly harmonically related but partly
also arising, apparently, from nonlinear combinations of
multiple source frequencies. Without a good understanding of the acoustic properties of the vocal source,
the relationship between characteristics of vocalizations
and the properties of the vocal-tract filter remains speculative. Nevertheless, it is evident from our results that
the tongue movements observed in natural Monk parakeet vocalizations and in mimic speech of other parrots
must have a modulatory effect on formant patterns.
The existence of formants has been strongly indicated
in a number of other nonhuman vertebrates, such as
nonhuman primates, bats, dogs, and birds (for a review,
see [28]), although the supporting evidence is not as
direct as that in our study. Evidence of the modulation
of formant patterns in natural vocalizations of nonhuman
animals, however, is rare, although this may be due to
a lack of research focused on this specific topic. For the
cases in which it has been investigated, the proposed
mechanisms of formant modulation are mandible movement and lip protrusion in monkeys [29, 30], as well as
the lowering of the larynx in red deer [31]. If formant
modulation by tongue movement occurs in parrot natural vocalizations, as our findings suggest, then this has
most interesting consequences, for it indicates that the
use of lingual articulation to create an extra dimension
of vocal complexity may have evolved at least twice,
once in humans and once in parrots. Furthermore, if
formant modulation by lingual articulation is relevant for
vocal communication in parrots, then the lingual neuromotor program is part of the vocal control system and
must be coordinated with syringeal and respiratory vocal motor programs.

The perceptual and functional relevance of complex
formant patterns in parrot vocalizations is unknown. To
our ears, the formant modulations found in this study are
very salient. However, humans are tuned to perceiving
formants, which are the basis of information coding in
speech. Future research should reveal how salient natural formant patterns are to parrots (see [32–35] for the
perception of speech formants in budgerigars, Melopsittacus undulatus) and whether or not the complex formant patterns that apparently occur in their natural
vocalizations are learned. In addition, playback experiments should provide an insight into the functional relevance of these patterns. More to the point with regard
to the current study, further work at the production level
should reveal which other vocal-tract structures are articulated by Monk parakeets in the production of their
natural vocalizations and perhaps mimic speech; for
instance, such work might use cineradiography. With
the methodology described here, it will subsequently
be possible to investigate the acoustic consequences of
identified articulations. We hope that such a combined
approach will yield a better understanding of how parrots perceive, learn, and produce their complex vocalizations. Ultimately, this may also contribute to an understanding of the evolutionary origin of human speech [36].
Experimental Procedures
Animals and Preparation
The five adult Monk parakeets used in this study, three females and
two males, were anesthetized by inhalation of isoflurane and then
euthanized with an overdose of chloropent in the pectoral muscle.
The lower end of the trachea and syrinx were made accessible by
dissection, ventrally between the crop and clavicles. The trachea
was transected at the level of the syrinx, just above the lateral
tympaniform membranes (LTMs), which are the sound generators
in parrots [16], and left in its relaxed position. A 2 mm length of
silastic tube (inner diameter, 1 mm) was then fitted over the port of
a small speaker (Knowles EP-7108; 6.3 ⫻ 4.3 ⫻ 3 mm) and inserted
into the end of the trachea so that the speaker was located at the
position where the LTMs normally vibrate. The tube was slightly
larger than the diameter of the trachea, so that the connection
was acoustically sealed. Measuring sound levels after clamping the
trachea closed just below the larynx verified the seal at the end of
each experiment. The fact that these levels were more than 25 dB
lower than in normal recordings showed that very little sound energy
leaked through the seal or wall of the exposed part of the trachea
and thus that most sound energy radiated from the beak. Each bird
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was mounted above the top of a 60 cm steel pole on a small piece
of metal mesh wire between two metal bars of a stereotaxic device,
which fixed the bird’s head. Wedging a thin rectangular steel-wire
frame (height 6.9 mm) between the tip of the mandible and halfway
along the length of the maxilla and fixing it with tissue adhesive
kept the beak gape constant. In natural Monk parakeet vocalizations, beak gape is extremely variable, as verified by video recordings. The beak gape used in our experiments was approximately
halfway between the two extremes that occur naturally—almost
closed in some variants of the greeting call and wide open in contact
calls. The position of the lingual apparatus could be varied with a
two-dimensional micromanipulator, which, through a steel rod with
a small hook and a suture, was connected to the hyobranchial
junction through a slit in the skin of the throat area. Sound-reflecting
surfaces were kept to a minimum in this setup. Mounted subjects
were positioned at least 60 cm from each wall of a humidified 2 ⫻
2.4 ⫻ 2.75 min sound-attenuating chamber (Industrial Acoustic
Company) that was lined with at least one layer of acoustic foam
(Sonex classic 7.62 cm wedges) to absorb reflections that might
otherwise occur from the walls of the chamber.
Acoustic Recordings and Measurements
Linear frequency sweeps (2 s, 0.5–11 kHz) with 10 ms raised cosine
onset and offset ramps were generated with an array processor
(TDT AP2) and played from the speaker with a digital to analog
converter (TDT DD1, 16 bit, 40 kHz) and attenuator (TDT PA4).
Sweeps were recorded with a 0.5 inch microphone (Brüel & Kjaer
4189) mounted on the end of a threaded rod (90 cm ⫻ 0.95 cm)
and positioned 15 cm from each subject’s beak. Recordings were
digitized (TDT DD1, 16 bits, 40 kHz, 15 kHz anti-alias filter) and
saved to a disk via the array processor. We recorded one sweep
for each tongue position and varied tongue position in 0.5 mm frontto-back steps and 1 mm low-to-high steps. The total number of
front-to-back and low-to-high steps possible in each animal varied
somewhat, but for analyses we used the first 16 front-to-back steps
(spanning 7.5 mm) and first six low-to-high steps (spanning 5 mm)
in all animals. We thus covered a square matrix of 96 tongue positions in a sagittal plane within the beak of each animal. The frequency
response of the speaker system is not flat in the range of interest.
Before each session we therefore recorded the speaker output of
a frequency sweep separately, from the position where the beak
would be during measurements. This recording was used as a reference so that in the analyses we could correct for frequency response
deviations of the complete stimulus-generating system. For sound
analyses we used the software program Praat (freely available from
http://www.praat.org), version 4.1.13 for Linux. To quantify vocaltract resonance patterns, we created a long-time average spectrum
of each recorded frequency sweep, with 10 Hz bin widths, and
corrected this spectrum for deviations measured in the reference
recording. We quantified formant characteristics by using Burg’s
linear predictive coding algorithm, available in Praat. To this end,
we randomized the phase part of the recording’s spectrum and
applied an inverse Fourier transform to obtain a colored noise sound
with an amplitude spectrum identical to that of the recorded frequency sweep. Formant measurements obtained from such sounds
were verified by visual inspection of spectrograms.
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