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Abstract: The speech system maintains intelligibility even when articulatory movements are restricted. Researchers often 
study this compensatory mechanism using a bite block to constrain jaw movement. While early reports indicated that speak
ers fully negate bite block effects on vowel acoustics, more recent reports found only partial compensation, suggesting the 
potential for continual adjustments (adaptation). We investigated a large sample (n¼ 55) of speakers who performed a bite 
block task while their auditory feedback was masked. We found incomplete immediate compensation and no adjustments 
over time, suggesting that adaptation for bite block effects on vowel acoustics requires auditory feedback. VC 2026 Author(s). All 
article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://creativecommons.org/ 
licenses/by/4.0/). 

[Editor: Matias Zanartu]                                                                                                          https://doi.org/10.1121/10.0044347 
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1. Introduction

When articulatory movements are constrained, the speech system flexibly adjusts to maintain intended productions. For 
example, when the position of the jaw is fixed with a bite block, speakers are still able to produce intelligible speech and 
relatively accurate vowel acoustics through compensatory tongue movements. However, studies report conflicting evi
dence in regards to the specificity and extent of the adjustments talkers employ when the jaw is fixed by a bite block. 
Compounding this issue is a consistent reliance on small sample sizes (typically fewer than 10 talkers), which raises the 
question of whether these studies are sufficiently powered to detect such adjustments.

Early studies largely suggested that talkers immediately and completely compensate for bite blocks, producing 
vowels with formant frequencies that do not differ from those of unconstrained productions from the very first repeti
tion.1–3 This led to the development of a dynamic model of compensation wherein inherently self-equilibrating tongue- 
jaw synergies automatically adjust to achieve target configurations regardless of disruptions, allowing speakers to rely on 
feedforward control rather than needing to derive independent articulator-specific compensatory movements through sen
sory feedback.4,5 Kelso and Tuller6 provided support for this model by demonstrating complete, immediate compensation 
to a bite block despite the elimination of proprioceptive feedback (temporomandibular joint anesthetization), tactile feed
back (topical oral anesthetic), and auditory feedback (masking noise). However, this study included only a total of five 
participants. Subsequent studies have reported that immediate compensation is, instead, incomplete, with initial vowel 
and consonant productions made just after the insertion of a bite block differing significantly from unconstrained pro
ductions.7–10 Of note is a study by McFarland and Baum,9 which included a somewhat larger sample of 15 talkers. In 
addition to finding significant differences in formants between baseline and initial bite block productions, they showed 
that speakers’ vowel formants shifted toward baseline values after 15 minutes of speaking. These and similar findings 
were taken as evidence that auditory and somatosensory feedback can drive adaptation to compensate for the articulatory 
disturbance of the bite block.7–9 More recently, Zandipour et al.10 demonstrated, in a single-participant study, that when 
auditory feedback is masked, initial deviations in formant production after insertion of a bite block still moved toward 
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baseline values over time, suggesting that somatosensory feedback alone is sufficient to guide adaptation. However, the 
generalizability of these findings beyond this single talker is difficult to assess. This lack of consensus regarding actual 
talker behavior during bite block speech stems largely from a methodological limitation: although numerous studies have 
used bite block data to argue for specific speech control mechanisms, the field has suffered from a historical reliance on 
very small sample sizes. To rectify this, the current study leverages a sample of 55 talkers to assess changes in vowel pro
duction caused by a bite block in the absence of auditory feedback, including both immediate compensation and further 
adaptation. First, we examine whether immediate compensation for a bite block in the presence of auditory masking 
noise is complete or incomplete by testing whether the acoustics of initial vowel productions after bite block insertion dif
fer significantly from baseline, unconstrained productions. Second, we investigate whether speakers adapt their vowel pro
ductions toward unconstrained formant values over repeated productions by testing whether productions made after 15 
repetitions with a bite block are closer to baseline productions than productions made just after bite block insertion. 
Finally, we perform two exploratory analyses to determine other effects of the bite block on speech motor control for 
vowels, examining changes in vowel duration and formant variability.

2. Methods

2.1 Participants

Sixty-two paricipants (48F/14M) between 18 and 78 years old (M¼ 39.3, SD¼ 19.3) completed the bite block task. 
Participants self-identified as native speakers of English with no reported history of neurological, speech, or hearing 
impairments. Hearing eligibility was confirmed via Hughson-Westlake pure-tone audiometry. Inclusion required thresh
olds�25 decibels hearing level (dB HL, 250–4000 Hz) for ages 18–55, and�40 dB HL (250–2000 Hz) with�55 dB HL at 
4000 Hz for ages�56. Informed written consent was obtained before participation and participants received either mone
tary compensation or course credit. Experimental procedures were approved by the Institutional Review Board at the 
University of Wisconsin–Madison (IRB 2017-1128-CR008).

We excluded a total of seven participants from data analysis: five produced incorrect words (i.e., said a word 
other than the prompt) on trials that were critical for hypothesis testing, one received bite blocks of incorrect sizes across 
the bite block conditions, and one had persistent breathy phonation, which prevented reliable identification of vowel 
boundaries and formant tracking. Our final sample thus consisted of productions from 55 participants (M¼ 37.2, 
SD¼ 18.8; 43F/12M).

2.2 Procedure

On each trial, a word was displayed orthographically on the computer screen for 1.7 s, with a randomly jittered interstim
ulus interval ranging from 0.75 to 1.5 s. Participants were instructed to read the word aloud when it appeared on the 
screen. Participants’ speech was recorded with a tabletop Sennheiser MKE 600 microphone (Wedemark, Germany), digi
tized with a sampling rate of 16 kHz. On all trials, participants heard loud, speech-shaped masking noise (�80 dB SPL) 
via Beyerdynamic DT 770 Pro headphones (Heilbronn, Germany) which prevented them from using auditory feedback to 
guide their speech production. The noise was generated by Audapter,11 and the amplitude of the noise was scaled in real- 
time by the short-term amplitude envelope of the participant’s speech such that noise was only played while participants 
vocalized. This minimized, as much as possible, the potential effects of speaking in noise on vowel formant 
production.12–14

The experiment consisted of three phases. All participants first completed a single 32-trial baseline phase where 
they read aloud the four target words (heed, who’d, had, hod; respectively containing the vowels /i/, /u/, /�/, and /A/) 
eight times each with no bite block (i.e., with unconstrained jaw movements). Words in the baseline phase were ran
domly ordered within sets of four, with each word occurring once per group. Subsequently, participants moved on to 
two bite block phases consisting of 32 trials each. In one phase, they produced speech with the small bite block, whereas 
in the other, they spoke with the large bite block. The presentation order of these two bite block phases was counterbal
anced across participants. In the small bite block phase, a horizontally placed tongue depressor stabilized the jaw at a rel
atively closed position (2-mm aperture), decreasing jaw displacement for low vowels (/�/ and /A/) that are typically pro
duced with an open jaw configuration.15 Target words in this phase were had and hod (randomized order). In the large 
bite block phase, the tongue depressor was positioned vertically to create a 17.5-mm jaw aperture, increasing jaw displace
ment for high vowels (/i/ and /u/) that are typically produced with a closed jaw configuration. Target words in this phase 
were heed and who’d (randomized order). In both bite block phases, researchers confirmed that the block did not 
obstruct tongue movement. However, the length of the tongue depressor did cause some interference with lip movements 
in the large bite block phase, which may have affected lip rounding during /u/ production in who’d.

2.3 Acoustic analyses

Vowel formant frequencies were estimated in Praat16 using linear predictive coding. The linear predictive coding order 
and pre-emphasis settings were manually adjusted for each participant and vowel using wave_viewer,15 a MATLAB GUI 
interface for formant tracking using Praat. Vowel onsets and offsets within each trial were automatically set by the 
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Montreal Forced Aligner;17 vowel boundaries were visually verified to ensure that onsets aligned with the beginning of 
clearly defined formant tracks for the first (F1) and second (F2) formants and that offsets corresponded to the point 
where the formant tracks ended and amplitude decreased. For each trial, a single F1 and F2 measure was calculated based 
on the average formant values measured from the middle 50% of the vowel. All frequency measurements were converted 
to mels to better approximate human auditory perception given the nonlinear frequency resolution of the auditory 
system.

These raw formant measures (in mels) were subsequently transformed to better capture changes in vowel pro
duction in the first two vowel formants (F1/F2) as well as a more holistic measure reflecting distance in the 2D Euclidean 
space defined by these two formants. To capture the magnitude and direction of acoustic change from baseline vowel 
productions along each formant dimension, formant frequencies (F1/F2) measured from productions made on each trial 
were normalized for each participant and vowel by subtracting the corresponding median formant frequencies during the 
baseline phase. Additionally, to capture the total magnitude of acoustic change across both formant dimensions simulta
neously, the Euclidean distance (in mels) between the F1/F2 values for each vowel production and the median F1/F2 val
ues from corresponding vowel productions in the baseline phase were measured. Note that this distance metric results in 
positive values for all trials, including those in the baseline phase. All statistical analyses and results are reported using 
these normalized values (F1, F2, Euclidean distance).

2.4 Statistical analyses

To test whether participants’ immediate compensation for a bite block was complete or incomplete, the direction and 
magnitude of immediate compensation along individual formant frequencies were assessed by comparing normalized F1 
and F2 values from the initial bite block trial against zero using two-tailed one-sample t tests. A similar test was con
ducted for the more holistic measure of Euclidean distance to the median F1/F2 values in the baseline phase, here using 
one-tailed paired t tests comparing this distance on the first trial of the bite block phase to the median distance of the 
corresponding trials in the baseline phase. All three tests were conducted separately for each vowel (3 measures� 4 vowels 
¼ 12 tests total), with Holm-Bonferroni correction applied to control the family-wise error rate.

To test whether adaptation to the bite block occurs over repeated productions, we examined whether formant 
frequencies measured from vowel productions in the bite block phases would move toward the median formant frequen
cies in the baseline phase over the course of the bite block condition. To do this, we measured how far the initial and 
final bite block productions deviated from baseline vowel productions by calculating the absolute difference between each 
vowel production at the initial and final timepoints and the median baseline values for F1, F2, and F1–F2 Euclidean dis
tance. This approach specifically captured the magnitude of deviation from baseline vowel productions at each timepoint, 
with reduced values indicating adjustments toward baseline. Statistical analyses for F1 and F2 used a repeated-measures 
ANOVA (rmANOVA) that included within-subjects factors of formant (F1, F2), vowel (/�/, /A/, /i/, /u/), and timepoint 
(initial and final trials of the bite block phase), with all two-way and three-way interactions. Significant vowel� timepoint 
interactions were analyzed with follow-up, formant-specific ANOVAs (one per formant). Separately, we tested for changes 
in Euclidean distance with a rmANOVA that included within-subjects factors of vowel and timepoint, as well as their 
interaction. For both models, the degrees of freedom and p values were Greenhouse–Geisser corrected where the assump
tion of sphericity was violated and, where appropriate, post hoc pairwise comparisons with Tukey’s Honestly Significant 
Difference correction were used to identify which (if any) vowels shifted toward baseline.

We also conducted exploratory analyses of the effects of the bite block on vowel production, examining vowel 
duration and trial-to-trial formant variability. Vowel duration was calculated as the median duration of each vowel (in 
milliseconds) within each phase and analyzed using an rmANOVA with factors of vowel (/�/, /A/, /i/, /u/) and phase 
(baseline, bite block), including their interaction. Production variability (in mels) was quantified as the standard devia
tions of F1 and F2 (separately) across repetitions of each vowel within each phase. Prior to this, F1 and F2 measured 
within each phase were detrended in MATLAB to remove gradual drifts over the phase, isolating short-term fluctuations 
from any possible overall change, such as movement towards the baseline values in the bite block phase (for analyses on 
non-detrended data, see the supplementary material). Variability was analyzed using a rmANOVA with factors of for
mant, vowel, and condition, including all interactions; significant three-way interactions were followed up with separate 
ANOVAs for each formant and Tukey-corrected pairwise comparisons as appropriate.

3. Results

To determine whether participants’ immediate compensation for the bite block was complete, we compared 
formants from the first vowel produced after bite block insertion with median values from productions in the baseline 
phase (Fig. 1; Table 1). Across all vowels and formant distance metrics, all but one showed significant differences between 
the initial bite block production and median baseline formant frequencies. For F1, all vowels showed significant changes 
(/i/, /�/, padj< 0.001; /u/, padj¼ 0.002; /A/, padj¼ 0.034) with small to medium effect sizes (Cohen’s d¼ 0.328–0.624); F1 
increased in high vowels (/i/, /u/) and decreased in low vowels (/�/, /A/), consistent with the expected effects of the bite 
block on jaw position. For F2, significant decreases in frequency were observed for /i/, /�/, and /A/ (all padj< 0.001) with 
medium to large effect sizes (Cohen’s d¼ 0.535–0.989); conversely, /u/ showed a numerical increase in F2, though this 
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was not significant (padj¼ 0.056), likely due to much higher interspeaker variability in this measure. In agreement with 
these formant-specific results, all vowels showed an increase in Euclidean distance to the median baseline production 
between the baseline trials and the initial trial of the bite block phase (all corrected padj< 0.001), with large effect sizes 
(Cohen’s d¼ 0.892–1.037).

Having established that vowel production changes immediately after the introduction of a bite block, we then 
tested whether participants adapted to correct for these changes on the basis of somatosensory feedback alone (as audi
tory feedback was blocked by masking noise). To do so, we examined whether formant frequencies measured from vowel 
productions move toward the formant frequencies in the baseline phase over the course of the bite block phase. We 
found no evidence for such adaptation, with no change between the first and final productions of the bite block phase in 
F1, F2, or Euclidean distance (see the supplementary material). For formant-specific analyses, the main effect of formant 
(F(1, 54) ¼ 35.379, p< 0.001, g2

p¼ 0.396), the main effect of vowel (F(1.306, 70.517)¼ 13.696, p< 0.001, g2
p¼ 0.202), and 

the two-way interaction between vowel and formant (F(1.306, 70.517)¼ 24.853, p< 0.001, g2
p¼ 0.315) were significant, 

suggesting that the change in vowel formants in the bite block phase (relative to the baseline phase) was both vowel- and 

Fig. 1. Change in vowel formants as a function of vowel repetition. (A) Change in F1 (solid circles) and F2 (open circles) relative to median 
formants of corresponding vowels in the baseline phase. (B) Euclidean distance in F1/F2 formant space relative to the median F1/F2 values 
in the baseline phase. Horizontal dashed line indicates average Euclidean distance in the baseline phase. Error bars represent 95% confidence 
intervals.

Table 1. Change in initial bite block production by vowel.

Vowel Measure Mean difference (mels) SE d t padj

/i/ F1 37.278 7.942 0.624 4.694 <0.001
F2 –86.851 11.680 –0.989 –7.436 <0.001

ED 87.077 12.085 0.958 7.206 <0.001
/u/ F1 32.738 8.914 0.488 3.672 0.002

F2 42.670 21.811 0.260 1.956 0.056
ED 111.890 14.343 1.037 7.801 <0.001

/�/ F1 –32.622 7.089 –0.612 –4.602 <0.001
F2 –35.520 7.726 –0.611 –4.598 <0.001

ED 49.176 6.807 0.961 7.225 <0.001
/A/ F1 –18.869 7.646 –0.328 –2.468 0.034

F2 –32.754 8.129 –0.536 –4.029 <0.001
ED 47.538 7.081 0.893 6.713 <0.001

JASA Express Lett. 6 (7), 075205 (2026)                                                                                                                                                                        6, 075205-4

ARTICLE asa.scitation.org/journal/jel 

 
2
1
 
J
u
l
y
 
2
0
2
6
 
1
8
:
0
1
:
1
1

https://doi.org/10.1121/10.0044347
https://scitation.org/journal/jel


formant-specific. Critically, however, neither the main effect of timepoint (F(1, 54)¼ 0.043, p¼ 0.836, g2
p ¼0.001) nor the 

three-way interaction among timepoint, vowel, and formant were significant (F(1.306, 70.517)¼ 0.649, p¼ 0.540, 
g2

p¼ 0.012), indicating that vowel formants were unchanged from the initial to the final trials of the bite block phase. 
Results from the analysis of Euclidean distance were similar: while there was a significant main effect of vowel (F(1.802, 
97.300)¼ 15.997, p< 0.001, g2

p¼ 0.229), there were no significant effects of timepoint (F(1, 54)¼ 0.104, p¼ 0.748, 
g2

p¼ 0.002) or the two-way interaction between timepoint and vowel (F(1.802, 97.300)¼ 0.420, p¼ 0.689, g2
p¼ 0.008). To 

provide positive support for the lack of changeover the course of the bite block phase, we conducted follow-up Two One- 
Sided Tests18 (for methods and detailed results, see the supplementary material). This analysis showed that initial and 
final productions in the bite block phase were statistically equivalent across all measures for most vowels (pFDR< 0.05). 
The sole exception was /�/, for which both the F1 and Euclidean distance were above the equivalence boundary (further 
from baseline) at the end of the bite block phase.

In addition to our primary analyses, we conducted two exploratory analyses examining the effects of bite blocks 
on vowel duration [Fig. 2(A)] and formant variability [Figs. 2(B) and 2(C)]. Overall, vowel duration increased in the bite 
block phase compared to the baseline phase (449 6 2.1 ms vs 365 6 1.3 ms; main effect of phase, F(1, 54) ¼ 92.692, 
p< 0.001, g2

p¼ 0.632). Although individual vowels varied significantly in duration (F(1.153, 62.238)¼ 6.909, p¼ 0.002, 
g2

p¼ 0.113), duration increased in the bite block phase to a similar degree for all vowels (phase � vowel interaction, 
F(1.153, 62.238) ¼ 2.869, p¼ 0.076, g2

p¼ 0.050; for details, see the supplementary material). For formant variability, vowel 
productions were generally more variable in the bite block phase than in the baseline phase for both F1 (5.2 mels 
increase) and for F2 (11.25 mels increase; main effect of phase, F(1,54)¼ 91.771, p< 0.001, g2

p¼ 0.630). As our omnibus 
test additionally showed significant effects of vowel formant as well as interactions between formant and the other factors 
(see the supplementary material), separate, planned, post hoc ANOVAs were conducted for F1 and F2 (see the supple
mentary material). These post hoc tests showed that the variability increase from the baseline to the bite block phase was 
significant for both F1 (F(1, 54)¼ 28.294, p< 0.001, g2

p¼ 0.344) and for F2 (F(1, 54)¼ 82.162, p< 0.001, g2
p¼ 0.603). 

This increase in variability was seen for all vowels, although there were vowel-specific differences in overall variability for 
both F1 (F(2.183, 117.864) ¼ 5.565, p¼ 0.003, g2

p¼ 0.093) and F2 (F(1.806, 97.546)¼ 53.902, p< 0.001, g2
p¼ 0.500). For 

F2 only, the size of this increase varied between vowels (condition� vowel interaction, F2: (F(1.806, 97.546)¼ 6.629, 

Fig. 2. Effects of bite block on formant variability and vowel duration. Average vowel duration (A), standard deviation of F1 (B), and F2 (C) 
within phases. Gray markers represent individual participants; colored markers represent group means and 95% confidence intervals.
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p< 0.001, g2
p¼ 0.109), with high vowels showing larger increases in variability (/i/: 13.5 mels, /u/: 19.0 mels) than low 

vowels (/�/: 4.9 mels, /A/: 7.6 mels; for additional details, see the supplementary material).

4. Discussion

We leveraged a large sample of 55 talkers to assess the completeness of immediate compensation to a bite block in the 
absence of auditory feedback and to determine whether (in the case of incomplete compensation) adjustments continue 
over subsequent vowel repetitions. Two exploratory analyses tested whether the presence of the bite block affected other 
aspects of speech motor control, namely, vowel duration and formant variability.

Our first analysis provides strong evidence that immediate compensation is incomplete. Comparison of the 
initial bite block productions to median baseline formants revealed significant deviations across F1, F2, and Euclidean 
distances for all vowels, with the sole exception of a trend-level effect for /u/ (F2). Consistent (though vowel-specific) 
directional shifts in F1 and F2 were found across talkers, indicating systematic biasing of vowel productions by bite 
blocks that cannot be fully explained by individual variability in compensatory responses.

Demonstrating that compensation is systematically incomplete (in the absence of auditory feedback) allows us 
to reconcile conflicting evidence in the literature regarding the completeness of immediate compensation. Because the for
mant frequency changes caused by bite blocks are relatively subtle, studies with small sample sizes likely lack the statisti
cal power to reliably detect them. For instance, a power analysis based on our median effect size (d¼ –0.536) indicates 
that a sample of n¼ 30 participants is necessary for a one-sample t test to detect a significant change in F1 or F2 with 
0.80 power at the alpha¼ 0.05 level. This is much larger than the sample sizes in the literature, and twice the size of even 
the relatively larger sample (n¼ 15) utilized by McFarland and Baum,9 who failed to detect a significant effect on low 
vowel formant production with a small bite block similar in size to the one used in the present study.

Beyond statistical power, it is possible that variability in the specific dimensions of the bite blocks used across 
studies also may contribute to inconsistent findings in the literature. For instance, McFarland and Baum9 investigated 
high vowels using a “large” block (22.5 mm) considerably larger than ours (17.5 mm); this difference in magnitude may 
explain why they found a significant increase in F2 for /u/, whereas we observed only a trend-level effect, though in the 
same direction (however, we did replicate their finding a significant F2 decrease for the other high vowel /i/). 
Alternatively, this discrepancy may be due to the tongue depressor used as the bite block in our experiment, which 
partially obstructed the lips (particularly in the large bite block condition), potentially affecting lip rounding in /u/ pro
ductions. Nevertheless, the bite blocks used here were of relatively similar sizes to those in other studies which found 
complete immediate compensation either with normal feedback1 or under sensory deprivation,6 suggesting that the diver
gent results are more likely due to the small sample sizes in previous work.

Our findings challenge the view that tongue-jaw synergies alone are sufficient to fully preserve vowel acoustics.6 

Consistent directional shifts in F1 and F2 frequencies across subjects suggest that bite blocks may biomechanically con
strain the articulators such that anatomical adjustments alone cannot neutralize acoustic disruptions.1 Alternatively, the 
bite block may impose a novel articulatory constraint, placing the vocal tract in a configuration for which the speaker 
lacks the learned motor strategies necessary to preserve articulatory or acoustic goals. Given the relatively long latency of 
�100–150 ms for auditory-feedback based motor corrections,19,20 we believe that the incomplete compensation here mea
sured at the vowel midpoint would also likely be observed without masking noise. However, it may be possible that the 
incomplete compensation we see here might be restricted to the case where auditory feedback is unavailable, and might 
be improved or even eliminated when auditory feedback is available. Even in this case, such a result would not contradict 
our current finding that articulatory synergies alone fail to preserve normal articulation in the presence of a bite block, as 
articulatory synergies are not thought to be critically dependent on the auditory system (e.g., Refs. 5 and 6). It would, 
however, rule out that the incomplete compensation we observe is due to biomechanical or motor constraints that pre
vent full compensation.

Our observation of incomplete compensation immediately following bite block insertion raised the possibility 
that speakers might improve through continual adjustments over time. Although the literature generally identifies audi
tory feedback as the primary driver of such adaptation,7–9,15 Zandipour et al.10 observed improved production in the 
absence of auditory feedback (though in a sample of only one speaker), which they argued suggested that the somatosen
sory feedback during ongoing speech production is sufficient for the motor system to refine its commands and, conse
quently, resolve the acoustic errors introduced by the bite block.

However, we found no evidence of continual adjustment when auditory feedback was masked in our large sam
ple; final productions in the bite block phase were not significantly closer to baseline values than the initial productions. 
Thus, we conclude that somatosensory feedback alone appears insufficient to fully neutralize the acoustic perturbations 
caused by a bite block, at least in the short timescale examined here. Note that our null findings do not refute the idea 
that somatosensory feedback can be used to refine motor commands: speakers can compensate for jaw perturbations 
without auditory feedback,21,22 and some individuals seem to prioritize somatosensory over auditory cues when both are 
perturbed.23 However, they are consistent with a body of research suggesting that the continual maintenance of vowel 
acoustics relies primarily on auditory feedback. For instance, post-lingually deaf cochlear implant users exhibit reduced 
vowel and consonant contrasts when feedback is disrupted, but expand these contrasts upon its restoration.15,24–26 In the 
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context of a bite block, auditory feedback can be used to adjust for the (initially uncompensated) effects on vowel acous
tics,9 even in the complete absence of oral sensation.27

Our exploratory analyses demonstrate that the impact of bite block perturbations on vowel production extends 
beyond directional shifts in produced formant frequencies. First, we observed increases in vowel durations during bite 
block productions, in line with previous reports.7,9,27,28 These durational increases may reflect a mechanical limitation 
imposed by the bite block which necessitates an increase in the amount of time needed to move an articulator, such as 
the tongue.28 Alternatively (or additionally), increased vowel duration may reflect a compensatory strategy in which 
speakers slow down to ensure more accurate articulatory or acoustic accuracy,7,29 perhaps by relying more on sensory 
feedback to guide production.30 Second, we observed increases in F1 and F2 variability across all vowels. These results 
mirror findings from Lane et al.15 who found that the bite block increased vowel dispersion in F1/F2 space around vowel 
means while simultaneously reducing overall vowel space area. Increased vowel dispersion likely results from the bite 
block fixing the jaw, forcing the tongue to compensate with novel, unpracticed movements.

5. Conclusion

The current study provides strong evidence that adaptation to a bite block during vowel productions, in the absence of 
auditory feedback, is incomplete both immediately and over time. Our analysis of a large sample of talkers suggests 
that previous reports of complete immediate compensation in vowel production are likely due to low statistical power, 
though some specific differences in bite block size may explain some minor differences. Our results suggest that 
somatosensory feedback alone is not sufficient for driving adaptation to vowel formants perturbed by a bite block; 
while somatosensory feedback clearly allows participants to compensate to a large degree, but not completely, for this 
perturbation, auditory feedback appears necessary for speakers to further adapt their productions to achieve vowel for
mant values that are acoustically equivalent to their unperturbed productions.

Supplementary Material

See supplementary material for tables containing statistical results for exploratory analyses.
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