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Abstract

Formants, or resonance frequencies of the upper vocal tract, are an essential part

of acoustic communication. Articulatory gestures—such as jaw, tongue, lip, and soft

palatemovements—shape formant structure inhumanvocalizations, but little is known

about how nonhuman mammals use those gestures to modify formant frequencies.

Here, we report a case study with an adult male harbor seal trained to produce an

arbitrary vocalization composed of multiple repetitions of the sound wa. We analyzed

jawmovements frame-by-frame andmatched them to the tracked formantmodulation

in the corresponding vocalizations. We found that the jaw opening angle was strongly

correlated with the first (F1) and, to a lesser degree, with the second formant (F2). F2

variation was better explained by the jaw angle opening when the seal was lying on his

back rather than on the belly, which might derive from soft tissue displacement due to

gravity. These results show that harbor seals share some common articulatory traits

with humans, where the F1 depends more on the jaw position than F2. We propose

further in vivo investigations of seals to further test the role of the tongue on formant

modulation inmammalian sound production.
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INTRODUCTION

According to the source-filter theory of sound production,1,2 animal

vocalizations can be described by the specific resonance frequencies

of their upper vocal tract cavities, which filter the sound produced by

the larynx or syrinx (i.e., source). The resonance frequencies of the

supra-laryngeal tract selectively enhance or dampen specific regions

of the frequency spectra of the sounds that originate from the larynx;

the resulting peaks in this acoustic filter’s spectrum affect the spectral

envelope of the vocalization. These resonance frequencies are called

formants and broadly shape the spectral envelope of the resulting

vocalization.

Formants play an essential role in the vocal communication of

a broad range of animal taxa, including mammals,3–5 birds,6 and

reptiles.7 Formants reliably reflect the conformation of the upper

vocal tract, which differs between individuals and, as a rule, correlates

strongly with body size.8 Therefore, formants might encode infor-

mation about the caller’s identity, sex, physical condition, as well as

hormonal and emotional state.4,6,9–11

Humans are the mammalian species where formants are most stud-

ied and best understood. From an acoustic perspective, sounds of

human speech are vocal signalswith distinctive formant structure; only

minor variations in this structure are allowed without disturbance to

the intelligibility of a speaker.12,13 Humans fine-tune the formant struc-

ture of speech soundsusing articulatory gestures includingmovements

of the jaws, tongue, lips, and soft palate. These movements dynami-

cally change the volume and shape of cavities that form the upper vocal

tract, which in turn causes changes in the formant structure of the

resulting sound.

Despite the fact that human phonationmechanisms are understood

in considerable detail, it is not possible to generalize human-based

vocal emission models to all mammals. The mammalian upper vocal

tract may have been shaped by multiple, potentially competing, evo-

lutionary pressures,14 as this structure is not only used to produce

sounds but is also involved in feeding, breathing, and thermoregula-

tion. If the upper vocal tract evolves and transforms to support one

of its many functions, this may also influence the other functions

that use the same anatomical structures. The use of human-inspired

principles of dynamic formant control has been shown in a few ter-

restrial mammals.15–19 However, some principles of vocal production

and emission are drastically different in cetaceans, which are sec-

ondarily aquatic mammals.20,21 Therefore, mapping the evolution of

mammalian articulatory abilities requires examining similarities and

differences in articulation across mammals to reveal the underlying

physical and physiological mechanisms, particularly in other aquatic

mammals (e.g., pinnipeds or sirenians).

Many mammalian species are capable of temporary elongation of

the upper vocal tract via active larynx lowering.16,22–27 Vocal tract

elongation exaggerates the acoustically apparent size of the caller

(i.e., the size perceptually inferred from sound by a receiver is larger

than the actual body size of the caller). Other mammals use mandible

lowering and lip protrusion for modulation of formant structure in

the process of a single sound emission.15,17–19,28 Little is known

about mechanisms underlying mammalian phonation beyond individ-

ual sounds; in particular, whether and for which vocalizations rapid

upper vocal tract movements may cause the sequential formant vari-

ation remains untested across mammals. Although such upper vocal

tract movements can easily be observed in many common species

(e.g., dogs, cats, cattle, etc.), this hypothesis has only been directly

tested in humans29 and remains unexplored in most other mammals.

Understanding such a dynamic mechanism is key to mapping similar-

ities and differences in vocal production across mammals, including

humans.

Phocid seals can serve as potential model subjects for investigating

themechanisms of articulation in mammals. As diver–hunters, phocids

have outstanding control over their respiratory system,30 potentially

allowing them to emit underwater vocalizations up to 1.5 min long.31

Some phocids appear to have a high degree of vocal flexibility, and a

fewmay be vocal learners (i.e., possess a rare ability to learn new vocal

signals).32,33 Some seals can learn to produce sounds through train-

ing, which allows exploration of the abilities of a vocal apparatus both

within and beyond their natural repertoire.34 Properly trained pho-

cids can both start and stop sound production on a trainer’s cue.35

This ability provides an opportunity to control the duration of artificial

vocalizations taught to a participating animal in a broad range, which

potentially allows a researcher to observe the phonation mechanisms

of sound emission for both short and long durations.

In the present study, we recorded the vocalizations and mandible

movements of an adult male harbor seal that was reared in captivity

and trained to produce airborne vocalizations on cue. Here, we focus

on the learned wawa vocalization, a series of repetitions of the sound

similar to the English syllable wa. This unusual sound has a formant

structure that modulates in a periodic manner, with alternations of

sounds roughly corresponding to the /w/ and /ɑ/ sounds in English.36

Based on initial auditory and visual impressions, we hypothesized

that harbor seals are capable of dynamically modulating the formant

structure of their vocalizations. While we did not conduct quantitative

modeling of the vocal tract, we predicted that these articulatory abili-

ties would follow general mammalian (including human) biomechanics

of the upper vocal tract as previously clarified for humans. More pre-

cisely, we predicted that just like in humans and human-based models:

(1)mandible lowering and a corresponding increase of jawgape is asso-

ciatedwith F1 and F2 rise, and (2)mandible lowering has a larger effect

on F1 than F2.

METHODS

Subject and vocal training

To investigate the link between vocal tract shape and vocal produc-

tion in phocids, we analyzed audio and video data streams collected at

Long Marine Laboratory at the University of California, Santa Cruz in

February 2007. Our subject was a mature male harbor seal identified

as Sprouts (NOA0001707). This seal was trained using operant condi-

tioning methods and positive food reinforcement to perform various
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husbandry and research tasks during his lifetime.37,38 At the time of

this study, Sprouts was 18 years old and weighed 108 kg. He produced

few spontaneous sounds in the air, with occasional snores, splutters,

and noisy nasal exhalation sounds. However, he had been previ-

ously conditioned to emit several distinctive airborne vocalizations

on cue.34

One of these sounds, which we termed the wawa vocalization, was

a series of a variable number of concatenated wa sounds. Initially, the

seal had been rewarded for producing any vocalization, after which

he was trained to produce variable specific vocalizations. From these,

the syllable-like sound wa was selectively reinforced and then shaped

to be emitted in long, repetitive sequences.34 Production of the wawa

vocalization involved visible jaw oscillations with each wa sound (Sup-

porting information S1). Here, we focus on documenting these wawa

sounds, which allowed us to best observe and quantify the relationship

between formant modulations and jawmovements.

Animal research was conducted without harm under the autho-

rization of NOAA/NMFSmarine mammal research permit 1072–1771

in accordance with the animal welfare laws of the United States.

This study was approved by the Institutional Animal Care and Use

Committee at the University of California, Santa Cruz.

Data collection

Acoustic recordings were conducted in a sound-attenuating cham-

ber, which minimized background noise and reverberation.39 Sprouts

voluntarily entered the chamber with his trainer (C.R.) and several

assistants. During a single session on the day of the recording, his

movements and sound production were documented with audio and

video recordings; corresponding ultrasound data (not considered here)

were collected from a handheld probe gently placed on his throat.

We placed three white zinc-oxide marks on his black fur to high-

light standard landmarks for video analysis. The vibrissal point (V)

was on the side of the snout, just behind the posterior-most vibris-

sae; the angular point (A) was at the posterior corner of the mouth,

and the jaw point (J) was on the mandible about 3 cm posterior to

the chin (Figure 1). The trainer prompted Sprouts to produce the

wawa vocalization. His vocal response was intermittently reinforced

with a conditioned stimulus (whistle) followed by several pieces of

fish. Under these conditions, the seal was highly cooperative and

compliant.

Audio was captured from <1 m distance with a Neumann 82i con-

denser shotgun microphone linked to a Marantz PMD-660 solid-state

recorder. Audio was recorded with a 48 kHz sampling rate and 16-

bit quantization. Corresponding video data were obtained with a Sony

DCR-PC9 NTSC camera mounted on a small tripod placed 90 degrees

to the seal’s midline, about 40 cm away. The video was recorded in

SP mode (highest quality; 29.97 FPS) and also captured sound. Audio

and video data streams were later aligned based on the maximum

cross-correlation of both audio tracks.

One set of audio-video recordings was obtained with the seal in

the prone position, resting on his belly, and another set was obtained

with him lying on his back in the supine position (Figure 1). The seal

vocalized readily in both configurations. Since harbor seals normally

vocalize under water with flexible body orientation,40,41 neither posi-

tionwasessentiallymoreecologically valid than theother. Thus,we can

assume that the animal was not forced to vocalize in a physiologically

implausible body orientation during the data collection.

Audio analysis

Audio signals were stored as uncompressed .wav files. We examined

the spectrograms and annotated every sound on the recordings (e.g.,

Sprouts’ vocalizations, human speech, and other noises) using the soft-

ware package Praat. We used the annotated wawa vocalizations to

investigate the variability of their duration and number of wa sounds

in each vocalization.

After that, a custom Python script (using the TextGridTools

package42) served to find the time coordinates of all the intervals

that simultaneously contained wawa vocalizations without any over-

laps with other sounds. The same script then selected nonoverlapping

intervals where Praat’s intensity curve (default parameters) of the

audio exceeded a threshold of 25 dB below the maximum intensity of

that particular audio file.

The frequency values of the first two formants (F1 and F2) were

identified within selected intervals using a custom Python script fea-

turing the Parselmouth library (a Python interface to Praat, version

0.4.0, Praat version 6.1.38).43,44 After filtering out frequencies above

1500 Hz (Praat’s Filter (stop Hann band), 50 Hz smoothing), the script

extracted formant estimates calculated via Praat’s automated To For-

mant: Burg analysis within the time intervals selected during the

previous step of the analysis (i.e., a wawa vocalization fragment with

no silent gaps or overlaps with any other sounds). Praat’s analysis esti-

mated three formants below a maximum frequency of 3000 Hz with

an analysis window length of 0.05 s; for all other parameters, we kept

Praat’s default values. We then linearly interpolated the first two for-

mants (F1 and F2) at the time point of the start of each new video

frame ensuring the extracted F1 and F2 values directly corresponded

to the measurements of the jaw position described below. We did not

extract the third formant (F3), as we judged the quality of the auto-

matic tracking to be insufficient. In summary, for each audio interval,

the analysis resulted in a multivariate time series of the first two for-

mant estimates sampled to match the video frame rate (i.e., 29.97 FPS,

or approximately every 33ms).

Video analysis

We extracted the video fragment corresponding to each audio inter-

val selected for analysis and tracked the serial kinematics of jaw

movement. To do this, we extracted each video frame as a png

image using a custom Python script (featuring the imageio, PIL, and

NumPy packages).45–47 These still frameswere evaluated using ImageJ

software47 with the Manual Tracking plugin to trace the coordinates

of the vibrissal, angular, and jaw points (V, A, and J) on the seal (see
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4 ANNALSOF THENEWYORKACADEMYOF SCIENCES

F IGURE 1 (A) Two exemplary contrast-enhanced video frames show the landmarks used for the jawmovement tracking (A, angular point; V,
vibrissal point; J, jaw point) and the resulting jaw opening angle at selected points in time (dashed lines). (B) Spectrograms of the recorded audio
show the clear formant structure and the automatically extracted formant tracks. (C) The change in jaw angle over time closely matches the F1 and
F2modulations (D), as illustrated here by an example of awawa vocalization that the harbor seal Sprouts produced in the supine position.

Figure 1). We calculated two variables from these coordinates: jaw

gape and jaw angle. Jaw gape was measured as the distance in pix-

els between the V and J points. Jaw angle was computed as the angle

between the ⃖⃖⃗AV and ⃖⃗AJ vectors, measured in radians. We also deter-

mined the jaw oscillation rate per second for each separate wawa

vocalization by dividing the total duration of the vocalization by the

number ofwa sounds in the vocalization.

Statistical analysis

The previous steps resulted in a dataset containing the combined

numeric data from the parallel, time-synchronized audio and video

streams. This dataset contained, for each selected and analyzed inter-

val, the values of F1 and F2 for each time point, the geometric

descriptors of lower jaw movements (jaw gape and jaw angle), and

the position of the seal (prone versus supine). We provide this dataset

as Supporting Information S2. Since jaw gape and jaw angle are geo-

metrically related measurements, these two variables were strongly

correlated in both positions (Pearson correlation: r= 0.78, p< 0.001 in

the prone position, r= 0.91, p< 0.001 in the supine position). Hence, to

avoid introducing both correlated independent variables into the same

statistical model, we only used the jaw angle in further analyses. We

picked the jaw angle over the jaw gape for two reasons: The jaw angle’s

measurement unit (radians) is easier to interpret than that of the jaw

gape (i.e., pixels, lacking an absolute external reference in the videos),

and the jaw is easier to compare between studies as it is not tied to the

overall linear size of the animal.

We performed a series of Spearman correlations to investigate the

correlation between the jaw angle and F1/F2. Nonparametric methods

were used as most relevant variables were not normally distributed

(Kolmogorov−Smirnov test, p< 0.05).
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ANNALSOF THENEWYORKACADEMYOF SCIENCES 5

We could not be sure that Sprouts produced thewawa vocalizations

in the exact same manner each time (i.e., minor differences in articula-

tion could be caused by differences in arousal level, exact positioning,

or other confounding behavioral factors). Moreover, we had to con-

sider the artificial discontinuities that we introduced by our method of

interval segmentation and selection. As pooling all data points in a sin-

gle nonparametric statistical test would fail to take into account these

concerns, we performed separate statistical tests for each interval. A

meta-statistic examination of the test results was conducted to detect

the general trends underlying the sound production we observed. We

calculated the number and percentage of tests that detected a signif-

icant correlation between two given variables (jaw angle versus F1 or

jaw angle versus F2) for the subset of vocalization intervals for each

bodyposition (supineorproneposition) and for all intervals pooled.We

also calculated the median, interquartile range, and min-max of Spear-

man rank r for each subset of tests within body position and for all

tests.

Finally, we investigated the differences in median jaw angle, F1, F2,

duration of wawa vocalizations, number of wa sounds in a vocaliza-

tion, and jaw oscillation rate between different body positions with six

Kruskal−Wallis tests.

RESULTS

We analyzed 39wawa intervals produced by the seal, 19 for the prone

position and 20 for the supine position. In every case, the formantmod-

ulation pattern closely matched the jaw oscillation pattern (Figure 1).

F1, F2, and jaw angle significantly differed between body positions:

Sprouts produced the first two formants with lower frequencies when

supine than when prone. In the supine position, the jaws moved within

a smaller angular range (Figure 2).

The duration and number of wa sounds in wawa calls did not vary

with position, while the jaw oscillation rate was greater when the seal

was prone. We found no significant differences between body posi-

tions in any of these variables, except for the jaw oscillation frequency

(Kruskal−Wallis test, Figure 2).

Regardless of body position, the first two formant values strongly

correlated with the jaw angle (jaw angle versus F1: Spearman rank r =
0.60, p < 0.001; jaw angle versus F2: r = 0.31, p < 0.001, Figure 3). The

strength of the correlations between jaw angle and F1 and F2 and the

proportion of intervals that showed correlations varied between body

positions. When the intervals were considered separately, the signifi-

cant correlation between jaw angle and F1 was evident in 38/39 cases

(Spearman rank correlations r, p < 0.001; Table 1). F2 was significantly

correlated with jaw angle in 27/39 cases. The correlation between F2

and jaw angle was more robust for the supine position (19/20 inter-

vals) than for the prone position (8/19 intervals) (Fisher’s exact test p

< 0.001; Table 1).

For all intervals, jaw angle was positively correlated with F1 (all

Spearman rank r ≥ 0.13; Table 1) (i.e., the wider Sprouts opened his

jaws, the higher the F1 frequency of his sounds).Weobserved the same

correlation pattern between jaw angle and F2 in the supine but not in

the prone position. This further supports the finding that the correla-

tion between jaw angle and F2 is more robust in the supine position

(Table 1).

DISCUSSION

Effect of jaw angle on vocal output

Regardless of body position, the gape of the seal’s mouth was related

to the frequencies of vocal formants. The jaw opening angle was pos-

itively correlated with F1 in nearly all intervals tested and with F2 in

two-thirds of the intervals tested. Jaw angle had a bigger effect on F1

than on F2, and this effect was more prominent in the prone position.

These results correspond to available human data and the theoreti-

cal fundamentals of the physics of speech, thus supporting our initial

hypothesis.1,48

In the supine position, the correlation results were similar for both

F1 and F2. We found significant positive correlations between jaw

angle and F1 and F2 in almost all instances. We hypothesize that the

increased susceptibility of F2 to jaw angle in the supine position might

derive from changes in tongue position and soft tissue displacement

due to gravity. For instance, in humans, the pharyngeal cavity tends to

be smaller in the supine than in the upright position, whichmight result

fromthe tongue root shiftingposteriorly.49 However, further investiga-

tion with in vivo visualization would be required to test this hypothesis

for seals.

We did not formally analyze F3, but visual inspection of spectro-

grams suggests that F3 is mostly constant and not correlated with jaw

movements. This againmatches humandata andexistingmodelswhere

such a correlation is typically absent.50

Effect of body position

The seal’s body position had a substantial effect not only on the cor-

relation between jaw angle and F2 but also on the absolute values of

the first two formants, the measured angle of jaw opening, and jaw

oscillation frequency. Again, we suggest that these differences might

be caused by changes in the relative direction of gravity. The above-

mentioned changesmight directly affect the placement andmovement

patterns of the mandible and the tongue, along with the deformation

of the soft tissues of the upper vocal tract cavities. This, in turn, might

have led to the differences in the resonance frequencies of the upper

vocal tract between the body positions. The effects of body position

on the dimensions of the upper vocal tract, and in particular, on the

properties of the tongue and the characteristics of mandible move-

ments arewell-studied in humans51–56 but not in othermammals. It has

been shown that positional changes in humans alter the volumes of the

upper vocal tract cavities but not the vocal tract length.49

When it comes to particular sounds of speech (for instance, vow-

els in English), the reports are contradictory. With a change of body

position from prone to supine, the first two formant values are either

reported to be stable49 or to rise in the case of F1 and decrease in the
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6 ANNALSOF THENEWYORKACADEMYOF SCIENCES

F IGURE 2 Range and distribution of the values of jaw angle, first two formant frequencies, duration, number of syllable-likewa sounds, and
jaw oscillation rate for the seal’s artificialwawa vocalizations are shown for prone, supine, or regardless of body position. (A) Location of the
reference points used for video analysis of the seal’s head in prone and supine positions: V, vibrissal point; A, angular point; J, jaw point. For
illustrative and analytic purposes, we provide a schematic outline of Sprouts’ head. (B) shows the scatter of raw data points (rain), the distribution
of raw data points (clouds), themedian and the quartiles (box), and themin-max range (whiskers) for the jaw angle (measured in radians) for both
positions pooled (n= 39 intervals) and for the prone (n= 19 intervals) and supine positions separately (n= 20 intervals). Kruskal−Wallis test shows
a difference in jaw angle (H1,3031 = 1657.44, p< 0.001) and the first two formant values (F1:H1,3031 = 294.65, p< 0.001; F2:H1,3031 = 16.59, p<
0.001) between the two body positions. (C) shows the same descriptors of the same data sample as panel B for the first two formant frequencies
(F1 and F2). (D) shows the scatter of raw data points (rain), the distribution of raw data points (clouds), themedian and the quartiles (box), and the
min-max range (whiskers) for the duration ofwawa vocalizations for both positions pooled (n= 17 completewawa vocalizations), and for the prone
(n= 9wawa vocalizations) and supine positions separately (n= 8wawa vocalizations). (E) shows the same descriptors of the same data sample as
panel D for the number of syllable-likewa sounds in awawa vocalization. (F) shows the same data as the panel D for the frequency of jaw
oscillations in awawa vocalization. The Kruskal–Wallis test shows a difference in jaw oscillation rate between two body positions (H1, 35 = 9.02, p<
0.01). Significant differences between body positions are indicated (Kruskal−Wallis test, **p< 0.01, ***p<0.001).

TABLE 1 Summary of Spearman rank correlations between jaw angle and the first two formant variables performed separately for eachwawa
vocalization.

Jaw angle

F1 F2

Both positions Prone Supine Both positions Prone Supine

Nsig /Ntotal 38 / 39 18 / 19 20 / 20 27 / 39 8 / 19 19 / 20

Percentage of Nsig 97.44% 94.74% 100% 69.23% 42.11% 95%

Spearman rank r 0.70 0.75 0.66 0.39 0.13 0.65

[Q25; Q75] [0.61; 0.80] [0.67; 0.84] [0.58; 0.75] [0.06; 0.73] [−0.11; 0.42] [0.54; 0.81]

(min; max) (0.33; 0.92) (0.48; 0.92) (0.33; 0.92) (−0.54; 0.94) (−0.54; 0.85) (0.17; 0.94)

Note: The proportion and percentage of tests that detected a significant correlation to the total sample of intervals analyzed in a given positional category.

Spearman correlation r, median, [Q25; Q75], and (min; max) summary values are provided. Nsig stands for the number of Spearman correlation tests that did

reveal a significant correlation (p < 0.05), whereas Ntotal stands for the total number of tests made for the given set of conditions (Prone, Supine, or both

positions combined).

case of F2.55 Therefore, we suggest that the momentary articulatory

state of the vocal tract in harbor seals might interact with the effect

of the body position and thus contribute to vocal output in various

ways.

In the present study, both F1 and F2 were consistently lower for

the supine than for the prone body position. The discrepancy between

our results and those found in human studies might be a result of at

least two factors: (1) Despite the overall similarity between the seal

andhumanvocal tracts,57 humansandpinnipedsdiffer in skull andneck

anatomy so the effect of body position on the volume of upper vocal

tract chambers and the length of the vocal tract in seals might vary

from the effects demonstrated in humans; (2) humans might fine-tune
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F IGURE 3 Values of the first two formants of Sprouts’wawa vocalization strongly correlated with jaw angle (jaw angle versus F1: Spearman
rank r= 0.60, p< 0.001; jaw angle versus F2: r= 0.31, p< 0.001). For illustrative purposes, linear least-squares regression lines are shown for F1
and F2.

their articulatory gestures in order to actively compensate for the arbi-

trary disturbances caused by body position and preserve the formant

structure of a given vocalization. Unfortunately, the relationships

between body position, articulation, and formant modulation in other

mammal species are poorly understood because of the few studies

covering this topic. Thus, we believe that our findings make a valu-

able initial contribution to the investigation of potentially universal

mechanisms of mammalian vocal production.

CONCLUSIONS AND FUTURE PROSPECTS

In this study, we demonstrate that harbor seals are capable of perform-

ing some of the patterns of articulatory-dependent formant modula-

tion that have been described for humans. The jaw opening angle in the

seal caused a rise in F1 regardless of body position. The absolute values

of both F1 and F2 and the jaw position and oscillation frequency values

varied between prone and supine body positions. At the same time, the

influence of jaw opening angle on F2 was, in general, weaker than on

F1; thismakes sense because F2,more thanF1, ismore related to other

articulators, such as lip rounding and tongue position in humans.1,48,58

One fascinating aspect of our results is the highly dynamic manner

in which formants are modified. We know of no previous evidence

for such a highly reliable and repeatable variation of formants dur-

ing a single continuous vocal exhalation in a nonhuman animal. This

pattern is temporally consistent and reminiscent of the syllable repe-

tition seen in infants’ and bat pups’ reduplicated babbling.59 Although

we do not claim that the sound patterns seen in our seal are directly

comparable to human syllables, future work might explore testing

other articulatory mechanisms that underlie sound production in both

species.

Future in vivo imaging of seal articulatory abilities should consider

dynamic alterations in tongue shape and correlate these movements

with formant structure modulation to quantify the number of articula-

tory degrees of freedom and the ability to independently control these

throughout a vocalization. Such studieswill further elucidate themech-

anisms behind seals’ vocal production and dynamic vocal plasticity,

ideally using quantitative modeling of vocal tract shape and comparing

it with observed vocal output.
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O., Gohlke, C., Dufresne, J., Schmidt, D., Kopachev, K., Houghton, A.,

Mani, S., Landey, S., Ware, J., Piolie, Douglas, J., . . . Base, M. (2022).

python-pillow/Pillow: 9.2.0. [Computer software]. Zenodo. https://doi.

org/10.5281/zenodo.6788304

47. Silvester, S., Tanbakuchi, A., Müller, P., Nunez-Iglesias, J., Harfouche,

M.,McCormick,M., Ladegaard,A., Rai, A., Smith, T.D., Konowalczyk,M.,

Lee, A., Klein, A., Nises, J., Vaillant, G. A., Barnes, C., Zulko, . . . Dusold, C.

(2020). Imageio/imageio v2.8.0. [Computer software]. Zenodo. https://

doi.org/10.5281/zenodo.3674133

48. Fry, D. B. (1979). The physics of speech. Cambridge University Press.

49. Vorperian, H. K., Kurtzweil, S. L., Fourakis,M., Kent, R. D., Tillman, K. K.,

& Austin, D. (2015). Effect of body position on vocal tract acoustics:

Acoustic pharyngometry and vowel formants. Journal of the Acous-
tical Society of America, 138(2), 833–845. https://doi.org/10.1121/1.
4926563

50. Lindblom, B. E. F., & Sundberg, J. E. F. (1971). Acoustical consequences

of lip, tongue, jaw, and larynx movement. Journal of the Acousti-
cal Society of America, 50(4B), 1166–1179. https://doi.org/10.1121/1.
1912750

51. Litman, R. S., Wake, N., Chan, L.-M. L., McDonough, J. M., Sin,

S., Mahboubi, S., & Arens, R. (2005). Effect of lateral position-

ing on upper airway size and morphology in sedated children.

Anesthesiology, 103(3), 484–488. https://doi.org/10.1097/00000542-
200509000-00009

52. Ono, T., Otsuka, R., Kuroda, T., Honda, E., & Sasaki, T. (2000). Effects of

head and body position on two- and three-dimensional configurations

of the upper airway. Journal of Dental Research, 79(11), 1879–1884.
https://doi.org/10.1177/00220345000790111101

53. Pae, E.-K., Lowe, A. A., Sasaki, K., Price, C., Tsuchiya, M., & Fleetham,

J. A. (1994). A cephalometric and electromyographic study of upper

airway structures in the upright and supine positions. American Jour-
nal of Orthodontics and Dentofacial Orthopedics, 106(1), 52–59. https://
doi.org/10.1016/S0889-5406(94)70021-4

54. Pevernagie,D. A., Stanson, A.W., Sheedy, P. F., Daniels, B. K., & Shepard,

J. W. (1995). Effects of body position on the upper airway of patients

with obstructive sleep apnea. American Journal of Respiratory and Crit-
ical Care Medicine, 152(1), 179–185. https://doi.org/10.1164/ajrccm.

152.1.7599821

55. Shiller, D. M., Ostry, D. J., & Gribble, P. L. (1999). Effects of

gravitational load on jaw movements in speech. Journal of Neuro-
science, 19(20), 9073–9080. https://doi.org/10.1523/JNEUROSCI.19-

20-09073.1999

56. Van Holsbeke, C. S., Verhulst, S. L., Vos, W. G., De Backer, J. W.,

Vinchurkar, S. C., Verdonck, P. R., van Doorn, J. W. D., Nadjmi, N., &

De Backer, W. A. (2014). Change in upper airway geometry between

upright and supine position during tidal nasal breathing. Journal of
AerosolMedicine and PulmonaryDrugDelivery,27(1), 51–57. https://doi.
org/10.1089/jamp.2012.1010

57. Schneider, R., & Kükenthal, W. G. (1964). Der larynx der säugetiere. de
Gruyter.

58. Lee, J., Shaiman, S., & Weismer, G. (2016). Relationship between

tongue positions and formant frequencies in female speakers. Journal

 17496632, 0, D
ow

nloaded from
 https://nyaspubs.onlinelibrary.w

iley.com
/doi/10.1111/nyas.15189 by U

niversity D
i R

om
a L

a Sapienza, W
iley O

nline L
ibrary on [02/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/joa.13114
https://doi.org/10.1152/jn.00478.2011
https://doi.org/10.1152/jn.00478.2011
https://doi.org/10.1007/s10211-012-0133-1
https://doi.org/10.1007/s10211-012-0133-1
https://doi.org/10.1006/brln.1994.1014
https://doi.org/10.1006/brln.1994.1014
https://doi.org/10.1121/1.5010887
https://doi.org/10.1121/1.5010887
https://doi.org/10.1016/j.conb.2014.06.011
https://doi.org/10.1016/j.conb.2014.06.011
https://doi.org/10.7551/mitpress/9780262151214.003.0003
https://doi.org/10.7551/mitpress/9780262151214.003.0003
https://doi.org/10.1037/0735-7036.118.4.447
https://doi.org/10.1121/10.0018953
https://doi.org/10.1121/10.0018953
https://doi.org/10.1242/jeb.097469
https://doi.org/10.1080/09524622.2020.1851298
https://doi.org/10.1080/09524622.2020.1851298
https://www.praat.org
https://www.praat.org
https://doi.org/10.1016/j.wocn.2018.07.001
https://doi.org/10.1016/j.wocn.2018.07.001
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.5281/zenodo.6788304
https://doi.org/10.5281/zenodo.6788304
https://doi.org/10.5281/zenodo.3674133
https://doi.org/10.5281/zenodo.3674133
https://doi.org/10.1121/1.4926563
https://doi.org/10.1121/1.4926563
https://doi.org/10.1121/1.1912750
https://doi.org/10.1121/1.1912750
https://doi.org/10.1097/00000542-200509000-00009
https://doi.org/10.1097/00000542-200509000-00009
https://doi.org/10.1177/00220345000790111101
https://doi.org/10.1016/S0889-5406(94)70021-4
https://doi.org/10.1016/S0889-5406(94)70021-4
https://doi.org/10.1164/ajrccm.152.1.7599821
https://doi.org/10.1164/ajrccm.152.1.7599821
https://doi.org/10.1523/JNEUROSCI.19-20-09073.1999
https://doi.org/10.1523/JNEUROSCI.19-20-09073.1999
https://doi.org/10.1089/jamp.2012.1010
https://doi.org/10.1089/jamp.2012.1010


10 ANNALSOF THENEWYORKACADEMYOF SCIENCES

of the Acoustical Society of America, 139(1), 426–440. https://doi.org/
10.1121/1.4939894

59. Fernandez, A. A., Burchardt, L. S., Nagy, M., & Knörnschild, M. (2021).

Babbling in a vocal learning bat resembles human infant babbling. Sci-
ence, 373(6557), 923–926. https://doi.org/10.1126/science.abf9279

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Goncharova, M., Jadoul, Y.,

Reichmuth, C., Fitch,W. T., & Ravignani, A. (2024). Vocal tract

dynamics shape the formant structure of conditioned

vocalizations in a harbor seal. Ann NY Acad Sci., 1–10.

https://doi.org/10.1111/nyas.15189

 17496632, 0, D
ow

nloaded from
 https://nyaspubs.onlinelibrary.w

iley.com
/doi/10.1111/nyas.15189 by U

niversity D
i R

om
a L

a Sapienza, W
iley O

nline L
ibrary on [02/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1121/1.4939894
https://doi.org/10.1121/1.4939894
https://doi.org/10.1126/science.abf9279
https://doi.org/10.1111/nyas.15189

	Vocal tract dynamics shape the formant structure of conditioned vocalizations in a harbor seal
	Abstract
	INTRODUCTION
	METHODS
	Subject and vocal training
	Data collection
	Audio analysis
	Video analysis
	Statistical analysis

	RESULTS
	DISCUSSION
	Effect of jaw angle on vocal output
	Effect of body position

	CONCLUSIONS AND FUTURE PROSPECTS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	COMPETING INTERESTS
	DATA AVAILABILITY STATEMENT

	ORCID
	PEER REVIEW

	REFERENCES
	SUPPORTING INFORMATION


