Rhesus macaques spontaneously perceive formants
in conspecific vocalizations
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We provide a direct demonstration that nonhuman primates spontaneously perceive changes in
formant frequencies in their own species-typical vocalizations, without training or reinforcement.
Formants are vocal tract resonances leading to distinctive spectral prominences in the vocal signal,
and provide the acoustic determinant of many key phonetic distinctions in human languages. We
developed algorithms for manipulating formants in rhesus macaque calls. Using the resulting
computer-manipulated calls in a habituation/dishabituation paradigm, with blind video scoring, we
show that rhesus macaques spontaneously respond to a change in formant frequencies within the
normal macaque vocal range. Lack of dishabituation to a “synthetic replica” signal demonstrates
that dishabituation was not due to an artificial quality of synthetic calls, but to the formant shift
itself. These results indicate that formant perception, a significant component of human voice and
speech perception, is a perceptual ability shared with other primates. © 2006 Acoustical Society of

America. [DOL: 10.1121/1.2258499]

PACS number(s): 43.66.Gf, 43.80.Lb, 43.80.Ka, 43.71.An, 43.70.Bk [JAS]

I. INTRODUCTION

Formants (the spectral prominences generated by vocal
tract resonances) provide a critical acoustic cue to many pho-
nemic differences in human speech (Fant, 1960; Lieberman
and Blumstein, 1988; Titze, 1994; Ladefoged, 2001). In ad-
dition to their central role in speech perception, recent stud-
ies indicate that human formants also act as a perceptual cue
to body size (Fitch, 1994; Ives et al., 2005; Smith et al.,
2005) and play a role in attractiveness judgments (Collins,
2000; Feinberg et al., 2005). After many years of assuming
that formants are a peculiarity of the human speech signal, it
is becoming clear to bioacousticians that formants are
present in animal calls (Fitch, 1997; Owren et al., 1997;
Rendall et al., 1998; Riede and Fitch, 1999; Riede et al.,
2005). Thus there is an increasing interest in the roles that
formants might play in animal communication, and in the
degree to which formant perception in nonhuman animals
represents a homologue to the mechanisms involved in hu-
man speech perception. Although it is clear that many ani-
mals (including dogs, horses, baboons, macaques, and vari-
ous bird species) can be trained to discriminate between
different speech signals, the critical questions for understand-
ing animals’ own communication systems are whether they
perceive formants in their own, species-specific vocaliza-
tions. This requires, first, determining if the spectral promi-
nences examined are, in fact, formants; second, generating
an appropriate stimulus set where formants are shifted; and
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finally, determining if animal subjects perceive formant
changes (preferably spontaneously, without any training)
(Fitch and Kelley, 2000; Reby er al., 2005). The specific
types of information conveyed by formants (e.g., call type,
size, identity, attractiveness) can then be further investigated.

Several approaches have been used to determine
whether some particular spectral prominences are formants
(derive from vocal tract filtering), rather than representing
“pseudo-formants” generated by some other process, or even
harmonics of the voice source. Nonlinear phenomena involv-
ing the voice source are the clearest alternative mechanism
capable of generating pseudo-formants [e.g., in scream vo-
calizations (Fitch er al., 2002)]. The most direct way to ex-
clude the possibility of source-generated spectral promi-
nences is to place the animal in a light-gas (e.g., heliox)
environment and induce it to vocalize (Roberts, 1975; Now-
icki, 1987, Amundin, 1991; Rand and Dudley, 1993). If a
spectral prominence is caused by formant filtering, the in-
creased speed of sound leads to an increase in vocal tract
resonance frequency, and thus to the center frequency of the
spectral prominence. Such experiments were critical in re-
vealing that spectral prominences in vocalizations of several
frog species are not influenced by filtering in the frog’s vocal
tract and therefore do not represent formants (Rand and Dud-
ley, 1993). These pseudo-formants apparently result instead
from frequency-modulation within the laryngeal source (e.g.,
Martin, 1971). In contrast, heliox testing in many bird spe-
cies has revealed the predicted shift of frequencies, allowing
researchers to conclude that formant filtering plays an impor-
tant role in avian vocal production (Nowicki, 1987; Suthers
and Hector, 1988; Nowicki et al., 1989; Fletcher and Tarnop-
olsky, 1999). When feasible, heliox testing thus provides the
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“gold standard” for demonstrating formant filtering in animal
vocalizations.

Unfortunately, for many large or free-living animal spe-
cies, immersion in a heliox atmosphere is impractical or im-
possible, and many other animals will refuse to vocalize in
confined conditions. In such cases other techniques are nec-
essary to demonstrate formant filtering. One alternative ap-
proach relies on the acoustic link between vocal tract length
and formant frequencies (Fant, 1960; Titze, 1994). If vocal-
izations from multiple individuals of different body sizes are
available, and the different vocal tract lengths for each indi-
vidual can be measured, a strong correlation between vocal
tract length and the frequencies of spectral prominences pro-
vides strong evidence for formant filtering (Fitch, 1997,
Riede and Fitch, 1999; Reby and McComb, 2003). Although
direct anatomical or x-ray measurements of vocal tract length
provide the strongest evidence, a correlation of spectral
prominences with head length or overall body size provides
weaker evidence for vocal tract filtering (Fitch, 2000a). If an
animal makes prominent, visible changes in its vocal tract
length while vocalizing, and spectral prominences move in
synchrony, this is also evidence for formants (particularly if
other acoustic variables such as fundamental frequency or
higher harmonics do not change in synchrony) [e.g., Hauser
et al., 1993; Fitch and Reby, 2001; Harris er al. (2006)].
Even simple inspection of spectrograms, combined with ba-
sic acoustic considerations and anatomical measurements
from museum skulls or preserved specimens, can provide an
indication of whether a set of spectral prominences could
represent formants. For example, two recent papers have
claimed that spectral prominences in mouse vocalizations
represent formants (Ehret and Riecke, 2002; Geissler and
Ehret, 2002), but the relatively low frequencies of these
spectral prominences would entail a vocal tract longer than a
mouse’s entire body if they were formants. These authors
appear to have confused harmonics of the glottal source with
formant frequencies.l In summary, there are several possible
sources of confirmation that spectral peaks in a given spe-
cies’ vocalizations represent formants. Converging, consis-
tent data from several sources will of course provide the
most convincing demonstration.

Once it has been established that formants are present in
a particular type of vocalization, perceptual experiments are
necessary to test whether the species in question attends to
these cues. While it is possible to perform such experiments
with natural call exemplars with varying formant frequen-
cies, this leaves open the possibility that changes in other,
unmeasured variables were noticed instead. Thus, synthetic
signals in which only formants are changed are preferable.
To the extent that the source/filter theory of vocal production
applies to many animal vocalizations (Fitch and Hauser,
1995; Fitch and Hauser, 2002), various well-understood sig-
nal processing techniques, developed by speech scientists,
are available to modify formants without changing other as-
pects of the signal. For example, LPC-based analysis and
resynthesis can be used to artificially separate the signal into
source and filter components, if certain preconditions are ful-
filled (Fitch, 1997; Owren and Bernacki, 1988). Then, the
filter component can be modified in specific ways, and
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source and filter can be recombined to create a natural-
sounding vocalization where only the spectral prominences
have been shifted (Moorer, 1979; Moore, 1990; Fitch, 2002;
Smith ez al., 2005). These and similar techniques can easily
be implemented on desktop systems using software such as
MATLAB or PRAAT. Such techniques have been successfully
applied to whooping cranes (Fitch and Kelley, 2000) and red
deer (Reby et al., 2005), and are used in the present study
with macaques. It is important to recognize, however, that
not all vocalization types are appropriate for such techniques.
If present, source-determined spectral peaks (in particular the
fundamental frequency and low harmonics) must be lower
than the lowest formant (as is the case in adult speech). Even
in such ideal cases, however, it is difficult to distinguish
formant frequency perception from the perception of differ-
ences in harmonic amplitudes [as seen in some birds Cynx ef
al., 1990]. With very high fundamentals it also remains pos-
sible that source/filter interactions could occur, violating the
independence assumption of the source/filter theory and of
LPC (Fitch and Hauser, 1995). The ideal calls for resynthesis
techniques and are therefore those in which no source-related
peaks exist, e.g., calls with source components that consist of
broadband noisy excitation or impulse trains. Given appro-
priate precautions, however, linear prediction or similar digi-
tal processing techniques allow researchers to generate a set
of stimuli in which formants are manipulated, but all other
acoustic variables are held constant.

Given an appropriate set of synthetized animal vocaliza-
tions, we can finally proceed to experimentally determine
whether animals of a particular species perceive formant
changes in their own species’ calls. Presumably, given ad-
equate prolonged training, any animal with adequate spectral
sensitivity should be able to learn to distinguish between
sounds with shifted formants (for example, many different
vertebrate species have been trained to distinguish between
synthetic human vowels differing only in formant frequen-
cies). But if animals naturally make use of formants in their
communication system, they should react to changes in for-
mant frequency spontaneously, without requiring specific
training or reinforcement. Thus, tests of spontaneous percep-
tion, such as habituation/discrimination techniques, provide
the strongest evidence for a species’ use of formants as a
meaningful communicative parameter. Such techniques were
introduced for perceptual experiments with human infants
(Eimas er al., 1971), they have been successfully used with
many different animal species, including nonhuman primates
(e.g., Seyfarth and Cheney, 1990; Rendall, 1996; Fischer,
1998; Hauser, 1998). However, results from such experi-
ments employing resynthesized calls, where only formants
change, are currently available for only two nonhuman spe-
cies: whooping cranes (Fitch and Kelley, 2000) and red deer
(Reby et al., 2005).

In this study, we test the hypothesis that rhesus
macaques (Macaca mulatta) spontaneously perceive formant
frequencies in conspecific vocalizations. We also use a con-
trol condition to test the adequacy of our monkey call syn-
thesis techniques, specifically to ensure that these techniques
introduce no perceptually salient artificial quality to our syn-
thetic calls. We chose the rhesus macaque, a common labo-
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ratory primate, as our test species because prior studies have
demonstrated that formants are present in some calls of this
species, and could potentially carry information about body
size, call type, and/or individual identity (Hauser et al., 1993;
Fitch, 1997; Rendall et al., 1998). Furthermore, with inten-
sive training in the laboratory, macaques of a closely related
species (Macaca fuscata) are able to recognize changes in
formant frequencies in synthesized vowels with an accuracy
rivaling humans’ (Sommers er al., 1992). However, no pre-
vious study has combined spontaneous perceptual testing
with a synthetic stimulus set to conclusively demonstrate for-
mant perception in this (or any other nonhuman primate)
species.

Experimental Approach. We used a custom-designed
monkey call synthesizer, based on the source/filter theory of
vocal production (Fant, 1960; Titze, 1994; Fitch and Hauser,
1995; Fitch, 2002), to create natural-sounding macaque calls.
Our central hypothesis was that rhesus monkeys spontane-
ously perceive changes in formant frequencies in conspecific
vocalizations, and find these differences significant enough
to warrant dishabituation. This was tested by habituating an
animal to a set of natural stimuli from a single individual,
and then playing a test call in which the formants had been
digitally shifted while holding other acoustic variables con-
stant. If a subject dishabituated to the modified “test” call,
we concluded that it had perceived the test call as different
from the preceding stimuli, and therefore perceived the for-
mant changes. A nontonal noisy vocalization type, the ag-
gressive “pant threat,” was used to avoid the issues with
harmonics cited earlier (Fig. 1).

Nonetheless, the cause of dishabituation in this case
would remain ambiguous because a subject might simply
perceive the formant-shifted call as “sounding synthetic” in
general, rather than noticing the formant changes in particu-
lar. To exclude this possibility, we first tested a “synthetic
replica” call created by applying the same software manipu-
lations to one of the habituation calls, but without modifying
formants (following Fitch and Kelley, 2000). To the human
ear, synthetic replicas sound subtly cleaner (less noisy) than
the original recordings, but otherwise identical. If the percept
is similar for monkeys, we predicted that they would transfer
habituation to this stimulus. If the subject did dishabituate to
the synthetic replica, responding to resynthesis per se, the
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FIG. 1. Spectrogram illustrating the calls used in this
experiment. The first three calls (“Hab”) form the ha-
bituation set and are natural, recorded calls. The last
three are synthetic calls. “Synthetic replica” has the for-
mants unchanged from Hab 3, while in the two test
calls, formants have been shifted down (0.8) or up (1.2)
in frequency by 20%. Black arrows indicate the lowest
four formant frequencies

|1500.0 ms
Test 1.2

session was ended. A series of such results would indicate an
inadequacy in our monkey call synthesis techniques. How-
ever, if the subject transferred habituation to the synthetic
replica, we proceeded to test our core hypothesis by playing
the synthetic, formant-shifted call, which differed from the
synthetic replica presented previously only in that the for-
mant frequencies were experimentally modified. All other
acoustic aspects (e.g., duration, amplitude, pulse rate, other
timbral cues, etc.) were identical to the call played just pre-
viously (Fig. 1).

Il. MATERIALS AND METHODS
A. Animal subjects

The subjects in these experiments were 13 adult rhesus
macaques (Macaca mulatta, age 49 yr, 7 females, 6 males).
All experiments were conducted under an approved NIMH
study proposal in accord with NIH Guidelines on the Care
and Use of Primates. The monkeys were on a 12 h light/dark
cycle (7 am-7 pm) and the experiments were conducted be-
tween 10 am and 5 pm. The monkeys were housed at NIH in
individual cages in colony rooms, and had received no pre-
vious exposure to playback of vocal stimuli before these ex-
periments were conducted. Each monkey was run individu-
ally.

B. Behavioral protocol

This behavioral protocol followed standard habituation/
dishabituation paradigms (e.g., Seyfarth er al., 1980; Hauser,
1998) in most respects. We concealed a loudspeaker in a
testing room, and then introduced a monkey subject, sitting
in a monkey chair facing directly away from the speaker.
Using a video camera to monitor head position, we waited
until the subject was looking directly away from the speaker
(180° £20°) before initiating each playback event. The cri-
terion for response was a head turn in the direction of the
speaker initiated within 3 s of sound playback. An experi-
ment started with repeated playback of calls from the habitu-
ation set until the subject habituated (defined as a failure to
respond to three successive playbacks). The average time
between playbacks was 30 s (range 8-200 s; within the
range of variation of pant-threat rates observed in free-living
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populations (Fitch, unpublished data). After successful ha-
bituation, we played the synthetic replica. A dishabituation
response to this “control” stimulus terminated the session.
However, if subjects transferred habituation to the control,
we then played the formant-shifted stimulus. If the animal
dishabituated, we could safely conclude that the dishabitua-
tion was caused by the formant shifts, and not by other
acoustic cues or artifacts of synthesis, and the experimental
session was concluded: dishabituation to the “test” stimulus
terminated the session. During the habituation phase, the
same sound was sometimes played twice in a row, so disha-
bituation to the test stimulus could not have resulted simply
from the monkey perceiving repetition. Thus, consistent dis-
habituation to the formant-shifted stimulus constitutes strong
evidence that monkeys spontaneously perceive formants in
conspecific calls. However, a null result (failure to dishabitu-
ate to either test stimulus) could be caused simply by general
habituation: sensory fatigue, distraction, adaptation to the
playback setting, or other confounds. To exclude this possi-
bility, sessions in which the subject failed to dishabituate to
either of the previous two stimuli were ended with a “post-
test” stimulus, a monkey “shrill bark” alarm call, expected to
reliably elicit a response, and thus reject this final control
hypothesis (following Hauser, 1998).

C. Materials and testing procedure

The experiment was performed in an empty playback
room (approximately 4 X3 m, 2.5 m h) acoustically treated
with Sonex 1 in. foam (9.4 X 2 ft panels, Sonex #10897, IlI-
bruck, Minneapolis, MN). The experimenter, computer
equipment, and playback speaker were hidden by a 2.3
X 1.9 m curtain made of heavy opaque cloth that bisected
the room diagonally. This curtain was acoustically transpar-
ent (reducing audio levels by only 2 dB SPL and introducing
no audible distortion). Monkeys were seated in custom-built
plexiglas primate chairs (20X 25 cm, 56 cm high) which al-
lowed free head movement in the horizontal plane. Monkeys
were seated in a fixed standard position in the room, facing
away from the curtain and loudspeaker, with the loudspeaker
1.5 m directly behind them. Responses were filmed using a
Panasonic Digital 5000 VHS video camera mounted on a
tripod, 1.2 m away and directly facing the subject, monitored
via a Sony Trinitron monitor during playbacks, and simulta-
neously recorded to VHS tapes (Fuji HQ-120, SP) with a
Sony VHS Hi-Fi recording deck. Playbacks were performed
using an Apple Powerbook computer and custom playback
software, using the built-in sound output (44.1 kHz sampling
rate, 16 bit quantization) attached to a Bose Roommate II
self-powered speaker. Playback levels were determined with
a Radio Shack Sound Level Meter, set for C-weighted, fast
response measurement. Sound level measurements were
made by mounting the SPL meter at the location occupied by
the monkey’s head during experiments. Broadband ambient
ventilation noise in the playback room was 62—65 dB SPL,
effectively masking computer-generated fan noise and key-
presses. Playback levels were adjusted to 75-78 dB SPL and
were very clearly audible above this background. Since play-
back time was initiated by the monkey facing calmly away
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from the speaker, a maximum delay of 4 min between play-
backs was chosen. If exceeded, the experiment would have
been terminated, but this never occurred.

D. Stimuli and signal processing

Monkey calls were synthesized using techniques devel-
oped by WTF (Fitch and Hauser, 1995; Fitch and Kelley,
2000; Fitch, 2002). The pant-threat vocalizations used in this
study were recorded from a single adult female macaque,
unknown to our monkey subjects, from a rhesus population
on the island of Cayo Santiago near Puerto Rico (monkey
74B, recorded by Marc D. Hauser, Harvard University, using
a Sennheiser microphone and Sony Walkman Professional
cassette recorder). Call spectra were examined for high fre-
quency energy; threat calls contained no appreciable energy
above 8 kHz. The three highest-quality pant-threat calls were
selected as habituation stimuli, low-pass filtered (8500 Hz)
and downsampled to 18.5 kHz sampling rate for further digi-
tal processing. Final versions were upsampled and played
back at 44.1 kHz. One habituation call was submitted to an
18-pole linear prediction analysis (512 sample window, no
preemphasis, rectangular window), yielding a filter closely
approximating the smoothed magnitude spectrum of the call.
The calls was then inverse filtered using this filter, yielding
an error signal which approximates the laryngeal source sig-
nal (this “source signal” consisted of three impulses with
some attendant noise). Once the source signal and the filter
were separated, various modifications of either are indepen-
dently possible. In this experiment, we scaled the entire filter
function, increasing or decreasing each resonance by 20% by
finding its roots (corresponding to individual formants) and
then multiplying each formant frequency by a fixed factor
(1.2 or 0.8). Increasing (or decreasing) the formant frequen-
cies is analogous to shortening (or lengthening) the vocal
tract, respectively. The original model call had intermediate
formant frequency values, so 20% up- or downshifting of
formants corresponds to a VTL of approximately 8, or
9.5 cm (about 6 and 12 kg body weight, respectively), re-
maining well within the normal acoustic range for adult
macaques (Fitch, 1997). This relatively large change was
chosen to increase the chances that the acoustic difference
would be not just perceptible, but also behaviorally meaning-
ful to our subjects, and thus to induce dishabituation (Nelson
and Marler, 1989). The modified filter function was then re-
combined with the original source (polynomialized back into
a filter function and used to create a new synthetic signal by
filtering the source signal). All signal processing was per-
formed in MATLAB 5.1 (The Mathworks, Inc., Natick, MA)
using the Signal Processing Toolbox and custom software.

lll. DATA ANALYSIS

All trials were videotaped for additional offline analysis.
All critical trials (last habituation, synthetic replica, test, and
post-test) and a randomly selected set of habituation trials
from each animal were digitized (Apple iMovie software)
and scored by two observers (one blind to condition). Inter-
observer agreement was very high (97% agreement). To fur-
ther quantify the strength of response we measured both la-
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tency to look (in video frames, 30 frames/s) and magnitude
of looks (in degrees from the initial head direction at play-
back to the maximum position during the look, max 180°). In
two cases, monkeys’ responses were ill-suited to an analysis
of look latency and magnitude, once because a monkey be-
gan a head movement just before sound playback (negative
latency), then followed it with a 135° turn toward the
speaker in the opposite direction, and in another case because
the monkey made a small 15° turn very quickly, followed by
a large turn (90°) 6 s later (outside our arbitrary maximal
cutoff window for scoring “looks”). In both cases, we then
repeated the trial and received clear, short-latency looks that
were used in the analysis.

Our original plan was to run each monkey twice, using
both the up- or downshifted stimulus (randomly assigned).
This would have enabled a statistical test to determine if up-
or downshifting was more salient. Unfortunately, due to cir-
cumstances beyond our control, only 6 of the 13 monkeys
were run a second time, yielding 19 experiments total. To
ensure that repeated playbacks to a subset of monkeys did
not influence our results we present analyses for both the first
trials alone (N=13, which we term the “first” trials) and this
total number (N=19). For statistical analysis we used one-
tailed binomial tests to determine whether the proportion of
looks (indicating dishabituation) relative to nonlooks (con-
tinued habituation) differed from chance. One-tailed tests are
appropriate in this paradigm because the direction of the re-
sponse is predicted in advance, and differs between condi-
tions (“no” for synthetic replicas and “yes” for test stimuli).
The significant p values we obtained with one-tailed statis-
tics in general remain significant with a two-tailed test. The
binomial test requires the specification of the base frequency
of looking after habituation to three trials, which we took
conservatively to be 50%. Statistics were performed in MAT-
LAB 5.1 and STATVIEW 5.0 (SAS Institute, Cary, NC).

IV. RESULTS

We completed a total of 19 playback experiments with
13 different monkey subjects (six were tested twice as dis-
cussed above). The mean number of trials to habituation was
22.5 (min 4, max 45). The pattern of dishabituation is illus-
trated in Fig. 2.
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FIG. 2. Results of playbacks: Chance of response drops
across habituation trials (1, 10, and 30 represent the
first, tenth, and thirtieth trials), reaching 0 (by definition
in our protocol) on the last habituation trial. Dishabitu-
ation to the synthetic replica (SR), where formants were
not shifted, rarely occurred. Dishabituation nearly al-
ways occurred to the formant shifted stimuli (1.2 and
0.8), thus indicating perception of the formant shift im-
posed on these stimuli.

Only four subjects dishabituated to the synthetic replica
stimulus (50% binomial test 19(15), N.S.), indicating that the
monkeys did not significantly dishabituate to this control
stimulus. Only three monkeys dishabituated in the 13 “first”
trials (50% binomial test 13(10), N.S.). Failure to consis-
tently dishabituate to synthetic replica calls shows that the
speech synthesis techniques used here are capable of gener-
ating realistic-sounding macaque calls. In the 15 remaining
trials, 12 subjects who heard the formant-shifted test stimu-
lus dishabituated (50% binomial test 15(3), p=0.018). For
“first” trials, 8 of the remaining 10 subjects dishabituated to
the test stimulus (50% binomial test 10(2), p=0.055). These
results indicate that the monkeys heard and responded to the
change in formant frequencies in these stimuli. Of the three
subjects who did not dishabituate to the test stimulus, all
responded to a post-test alarm call, indicating that no mon-
keys had habituated to the playback situation in general.

To further quantify the strength of response we mea-
sured both latency to look (in video frames, 30 frames/s)
and magnitude of looks (in degrees from the initial head
direction at playback to the maximum position during the
look, max 180°). Monkeys looked faster to formant shifted
stimuli than to synthetic replicas. Most looks (11/12) to test
stimuli had latencies of less than 20 frames (667 ms) (mean
12 frames or 400 ms). In contrast, half of the looks to syn-
thetic replicas (2/4) had latencies of more than 1 s (mean 26
frames or 867 ms). To further explore the reaction of sub-
jects to synthetic calls, we compared looks to natural calls
(last habituation, and post-test stimuli) with those to syn-
thetic calls (the synthetic replica and test stimuli). There
were no significant differences in the latency to look (Mann-
Whitney U=112, p=0.92) or magnitude of looks (Mann-
Whitney U=109, p=0.84) between synthetic and natural
calls. We found no difference in monkeys’ dishabituation to
the upshifted versus downshifted test stimuli: of 12 disha-
bituations 6 were to upshifted and 6 to downshifted, and of
the 3 failures to dishabituate 1 was to the upshifted and 2
were to the downshifted stimulus. Although monkeys looked
more rapidly to the downshifted stimuli (mean 4.8 frames or
160 ms) than to the upshifted stimuli (mean 18.4 frames or
620 ms), this difference was not significant (unpaired z-test,
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t=1.45, p=0.174). These findings thus reinforce the basic
finding that monkeys ignored the synthetic replica and
strongly responded to formant shifts in either direction.

V. DISCUSSION

The results of these experiments show that rhesus
macaque perceive changes in formant frequencies in their
own species-specific pant threat vocalizations. A significant
proportion (12 out of 15) of our monkey subjects found for-
mant shifts of 20% up or down to be salient enough to war-
rant dishabituation. Our use of a call type that lacks harmon-
ics shows that this result cannot be attributed to perception of
relative harmonic amplitude. The use of digital synthesis
techniques allowed us to vary only formant frequencies,
without varying other aspects of the signal. A failure to dis-
habituate to “synthetic replicas” which had been digitally
processed without shifting formants shows that this result is
not due to some unintended artificial quality imposed by the
analysis/resynthesis technique. We conclude that rhesus
macaques are sensitive to formants in vocalizations without
training or reinforcement. It thus appears highly likely that
formants play some role in the communication system of
rhesus macaques.

These results are compatible with a number of previous
results from rhesus macaques. Fitch (1997) showed that the
spectral prominences in this species are formants, and
showed that formant frequencies correlate with body size.
Rendall et al. (1996) showed that free-ranging rhesus
macaques distinguish identity of individuals by acoustic cues
in their vocalizations, and acoustic analysis indicated that
formant frequencies are potentially important cues for iden-
tity in this species (Rendall er al., 1998). Injections of xy-
locaine into the perioral region in this species, which block
the ability to produce the lip-rounding associated with “coo”
calls, presumably affecting formants, led to differential reac-
tions of conspecifics in this species (Hauser and Schén Yba-
rra, 1994). Combined, all of these studies converge on the
conclusion that rhesus macaques perceive formant frequen-
cies in their own vocalizations, though the information they
extract from these cues remains uncertain (see the follow-
ing).

Results from various other primate species provides ad-
ditional converging evidence for formant perception in non-
human primates. Several authors have termed spectral
prominences in the calls of nonhuman primates “formants”
with little further discussion or justification (Lieberman,
1968; Andrew, 1976; Richman, 1976). In baboons, species-
specific “grunt” vocalizations have an acoustic structure
quite similar to human vowels (Owren et al., 1997) with
spectral prominences hypothesized to represent formants,
and significant correlations between body size and formants
support this hypothesis (Rendall, 2005). A recent study
shows that spectral prominences in guereza monkeys both
correlate with body size, and change in close synchrony with
lip movements, strongly suggesting that they represent for-
mants (Harris ef al., 2006). Regarding perception, laboratory
studies with the closely related Japanese macaque Macaca
fuscata, although using synthetic vowel stimuli rather than
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conspecific calls, with training demonstrated an exquisite
sensitivity to formants in this species, rivaling or exceeding
that of humans (Sommers et al., 1992). In a training para-
digm baboons were shown to be quite sensitive to formant
changes in grunts synthesized with a human Klatt synthe-
sizer (and were similarly sensitive to formant changes in hu-
man vowels) (Hienz er al., 2004). Finally, vervet monkeys
possess spectral prominences that may represent vocal tract
resonances (Owren and Bernacki, 1998), and perceptual tests
show that vervets respond to these prominences in a classi-
fication task which involved training but did not demand that
the subjects attend to that particular cue (Owren, 1990b, a).
All of these data converge to suggest that formant perception
may be a widespread capability in Old World monkeys.

Techniques similar to those used here have recently been
utilized to demonstrate spontaneous formant perception in
cranes and deer (Fitch and Kelley, 2000; Reby et al., 2005).
In both cases the species was tested because they possess
unusual vocal adaptations hypothesized to modify formants.
In whooping cranes Grus americana, the trachea is greatly
elongated. Due to the anatomy of the avian vocal production
system, tracheal elongation lowers formant frequencies, and
has been hypothesized as a means of exaggerating size
(Fitch, 1999). This hypothesis was tested by modifying for-
mants in a nonharmonic call (the “contact call”) using com-
puter resynthesis, and demonstrating that listening cranes no-
ticed this change (Fitch and Kelley, 2000). In red deer
Cervus elaphus, adult stags have a permanently-descended
larynx, and during territorial roars they lower the larynx even
further to its anatomical limit. Again, this lowers formants,
and was hypothesized to exaggerate projected body size
(Fitch and Reby, 2001). This hypothesis was tested via play-
back of resynthesized calls, which demonstrated formant per-
ception and use of formants as cues to size (Reby et al.,
2005). Thus, in at least two nonprimate species with
formant-modifying vocal anatomy, formant perception is
present.

These previous studies of animal formant perception
leave open two evolutionary possibilities. First, formant per-
ception and modification in primates, cranes and deer may
represent convergent evolution. There are many examples of
such convergence among vertebrate vocal communication,
the most prominent being complex vocal imitation, which
has evolved convergently several times (e.g., in humans,
songbirds, and sea mammals), but is lacking in other pri-
mates (Janik and Slater, 1997; Fitch, 2000b; Marler and
Slabbekoorn, 2004). Alternatively, formant perception in all
of these species may be homologous, present in these widely
separated species by virtue of inheritance from a common
ancestor [the ancestral amniote, who lived some 300 million
years ago (Smithson, 1989)]. If this latter hypothesis is cor-
rect, formant perception is predicted to be widespread among
birds and mammals, even those which lack special formant-
modifying anatomy. In particular, the crucial groups for test-
ing the hypothesis that formant perception mechanisms are
homologous in all these species are other nonhuman mam-
mals, further bird species, and vocal reptiles such as the
American alligator Alligator mississipiensis, which has clear
formant-like bands in its vocalizations that correlate nicely
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with body size (Fitch, unpublished data). It is also possible
that amphibians may also perceive formants, though as dis-
cussed in Sec. I there is no evidence at present that the spec-
tral prominences present in many anuran species represent
formants (Rand and Dudley, 1993).

The ability to generate and control realistic animal
acoustic signals (Fitch, 2002) opens new and exciting vistas
in understanding the acoustic cues utilized in animal commu-
nication. The invention of speech synthesizers was a neces-
sary prerequisite for the advances in speech perception start-
ing in the 1970s, but off-the-shelf vocal synthesizers for
animal calls still do not exist [although synthesizers designed
for humans may be adequate in some cases (Hienz et al.,
2004)]. Fortunately, recent advances in our understanding of
vertebrate vocal production have provided a major step for-
ward in resolving this problem (Fitch and Hauser, 1995;
Owren and Bernacki, 1988; Fitch, 2002). In particular, the
realization that the source-filter theory of speech production
also applies to animal vocalizations means that many of the
algorithms developed by the speech community can now be
applied, with the appropriate modifications, to nonhuman vo-
calizations. The ability to generate highly realistic animal
vocalizations by computer allows us to choose and manipu-
late specific acoustic variables, leaving all other cues un-
changed. With a careful choice of appropriate calls from a
species’ vocal repertoire, and new techniques for perceptual
testing that do not involve training, we can now explore ani-
mal’s perception of their own species-specific vocalizations
at a level of detail previously impossible. Resynthesized calls
can also be used in more traditional operant settings to allow
accurate determination of difference limens and perceptual
sensitivities (e.g., Owren, 1990b; Sinnott and Kreiter, 1991;
Sommers et al., 1992; Hienz et al., 2004), or even in choice
settings to explore perceptual preferences (McComb, 1991).
Thus, the combination of digital synthesis of animal calls
with playback experiments can provide a rich source of in-
sight into the acoustic cues that play important roles in ani-
mal communication, in a wide variety of nonhuman verte-
brate species.

What information might formants be providing ? Differ-
ences in formant frequencies provide the primary cue to
vowel identity in all human languages, and formant transi-
tions also cue many important consonantal distinctions (Lie-
berman and Blumstein, 1988; Titze, 1994). Pitch informa-
tion, though present in speech signals, is not necessary for
their perception: even in so-called “tonal languages” like
Chinese or Thai, formants are the key acoustic cue for most
phonetic distinctions. Stimuli containing formant informa-
tion alone are adequate to decode the phonetic content of
speech (Remez et al., 1981; Tartter, 1991), and the human
auditory system automatically normalizes for vocal tract
length and size information in speech from different speakers
(Ives et al., 2005; Smith et al., 2005). Thus, of all the various
acoustic cues that make up the complex speech signal, for-
mants (or their synthetic analogues) are both necessary and
sufficient for speech perception.

Previous studies suggest that formants may provide a
similarly rich source(s) of information for animals (e.g.,
Sommers et al., 1992; Fitch, 1997; Owren et al., 1997; Ren-
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dall et al., 1998; Riede and Fitch, 1999). Formants might
provide several types of information to macaques. Formants
are correlated with body size in macaques, baboons, and
many mammals (Fitch, 1997; Riede and Fitch, 1999; Fitch,
2000a; Rendall, 2005), so formant perception could provide
information about body size, as it does in humans (e.g.,
Fitch, 1994; Fitch and Giedd, 1999; Ives et al., 2005; Smith
et al., 2005). In sexually dimorphic species such as rhesus
macaques, size may also provide an indirect indication of sex
or other secondary factors such as age, or degree of potential
threat. Formants also may provide a reliable cue to indi-
vidual identity: static differences in vocal tract anatomy (par-
ticularly in the nasal region) may remain invariant across
calls and thus indicate identity (Rendall er al., 1998). For-
mants may also provide one of the basic cues that differen-
tiate different call types, similar to the way they distinguish
different vowels in human speech (Lieberman, 1968). Hauser
and colleagues (Hauser ef al., 1993; Hauser and Schén Yba-
rra, 1994) found that the vocal tract movements (specifically
lip-protrusion associated with coo calls, and the retracted lips
associated with screams), had well-defined acoustic effects
on rhesus calls acoustics. Thus, macaques could potentially
extract information about size, sex, identity, and call type
from formants.

In this study we used a relatively gross manipulation—
shifting all formant frequencies—that corresponds to a
lengthening or shortening of overall vocal tract length. The
positive response to these changes by our macaque listeners
clearly opens the door to a more detailed exploration of for-
mant perception in this and related species. In particular,
while overall formant dispersion may be a cue to body size
(and secondarily sex or age), more detailed aspects of the
formant pattern, or changes in specific formants, may pro-
vide information about individual identity (Rendall er al.,
1998), call type (Hauser and Schon Ybarra, 1994), or other
factors. The techniques developed in the current study should
be seen as first steps, but clearly open the door to much more
detailed study of these and other questions. It may be par-
ticularly interesting to learn whether the lowest three for-
mants, which carry virtually all of the phonetic information
in human speech, are preferentially attended to by macaques
or other primates.

Neural basis of formant perception. If formants do in-
deed provide a multifaceted source of relevant information to
nonhuman primate listeners, the corresponding neural
mechanisms involved in decoding them might be quite com-
plex, and thus may provide a richer neural substrate relevant
to the evolution of speech perception than previously sus-
pected. At least two broad regions of auditory cortex are
likely to be involved in macaque formant perception, perhaps
forming part of a more complex network for vocal percep-
tion. First, neurophysiological studies reveal neurons that
show robust responses to bandpass-filtered noise stimuli
(which are acoustically similar to formant frequencies) in the
macaque lateral belt of auditory cortex, that may also play a
role in analysis of conspecific vocalizations (Rauschecker er
al., 1995; Rauschecker and Tian, 2004), and recent fMRI
analyses indicate potentially homologous activations in hu-
mans (von Kriegstein er al., 2006). Second, multisensory
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neurons in the superior temporal sulcus of the temporal lobe
(STS) give robust responses to vocalizations (Ghazanfar,
2005), and neuroimaging data have provided additional evi-
dence for activation of the STS in voice recognition and
perception in both humans (Belin and Zatorre, 2003; Belin er
al., 2004; Uppenkamp er al., 2006) and macaques (Poremba
et al., 2004). If formants play a crucial role in cueing vocal
identity (Rendall et al., 1998), such STS neurons should re-
spond strongly and specifically to formant changes. In addi-
tion to lateral belt areas and STS, other cortical areas in the
macaque and human may also play a role in vocal process-
ing, including the rostral superior temporal gyrus (Poremba
et al., 2004) and lateral prefrontal cortex (Averbeck and Ro-
manski, 2004; Gifford et al., 2005; Romanski et al., 2005).
Whatever the neural substrates, the discovery that macaques
perceive formants in their own vocalizations, and thus share
a crucial component of human speech perception, opens the
door to neuroscientific studies of formant perception that
would be difficult or impossible in humans.

In conclusion, our experiments demonstrate that rhesus
macaques are both capable of perceiving changes in formant
frequencies in their own species-specific vocalizations, and
that they spontaneously do so, without any training. Com-
bined with previous data, this finding supports the hypothesis
that formant perception is present in nonhuman primates,
thus evolving prior to human speech, and indeed may be
widespread among vertebrate species. Due to the importance
of formants in speech, the mechanisms underlying macaque
formant perception may represent an evolutionary precursor
to the more sophisticated mechanisms underlying human
speech perception, and this finding thus has important poten-
tial implications for our understanding of both primate com-
munication systems and the evolution of spoken language.
Wang has proposed that there may be an auditory cortical
pathway specialized for processing vocal communication
sounds in primates (Wang, 2000). Many scholars have sug-
gested that human speech perception built upon pre-existing
sensory mechanisms in our primate ancestors (Snowdon,
1982; Hauser and Fitch, 2003), while others suggest that at
least some aspects evolved in humans de novo (Sinnott and
Williamson, 1999; Pinker and Jackendoff, 2005). The ability
to synthesize and manipulate specific aspects of primate calls
using a variety of transformations [such as the source/filter
model used here (Fitch, 2002), the Mellin transform (Smith
et al., 2005), or a parametric “virtual vocalization” model
approach (DiMattina and Wang, 2005)] provides a new tool
to help resolve these debates empirically, and opens the door
to detailed exploration of the information-processing mecha-
nisms underlying vocal perception in nonhuman primates.
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