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Transfer of Sensorimotor Adaptation Reveals Independent Prosodic
Representation After Segment—Prosody Coordination in Speech Production

Yuyu Zeng', Benjamin Parrell"* %, and Caroline A. Niziolek 2
! Waisman Center, University of Wisconsin—Madison
2 Department of Communication Sciences and Disorders, University of Wisconsin—Madison

In speech production, there is a long-standing debate regarding whether word-level prosodic structure has an
independent representation separable from segments. Using a novel assay of sensorimotor adaptation, we
observe straightforward evidence supporting an independent prosodic structure even after its coordination
with the segments. Participants exposed to opposing formant perturbations applied to the two syllables of a
single trained word (e.g., “bedhead” — “bidhad”) adapted separately to counteract the syllable-specific
perturbations (i.e., producing “badhid”) and, critically, transferred the learned adaptation to untrained words
based purely on shared prosodic structure (words with the same prosody but novel syllables, e.g., producing
“breastfed” like “brastfid”). This evidence for an independent word-level prosodic representation, which has
been hard to detect in previous studies, highlights the usefulness of sensorimotor adaptation as a tool for
language production research.

Keywords: speech motor control, prosody, segments, sensorimotor adaptation, altered auditory feedback
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Running speech consists of both the articulation of individual
speech segments (vowels and consonants) and the production of
speech prosody (e.g., pitch contour, stress, and rhythm). For
example, differences in sentence-level prosody can create highly
different meanings (e.g., “What’s that ahead in the road?” vs.
“What’s that, a HEAD in the ROAD?” examples from Speer &
Blodgett, 2006), and word-level prosody distinguishes the noun
PERmit from the verb perMIT (capital letters indicate primary
stress). There is continued debate regarding the relationship between
segmental and prosodic planning during speech production: Some
models propose that prosody is planned first, integrating segmental
and prosodic planning from the outset, with segments filling in the
slots in a frame created by the initial prosodic planning (the prosody-
first account; e.g., Keating & Shattuck-Hufnagel, 2002; Turk &
Shattuck-Hufnagel, 2020), but others advocate for the early plan-
ning of segments, followed by prosody being superimposed on
already planned segments (the segment-first account; e.g., Levelt,
1989; Levelt et al., 1999).

Prosodic changes and segmental articulation co-occur in time in
running speech, so there must be a mechanism that coordinates their
planning in the temporal domain, regardless of the initial planning

order. Crucially, the prosody-first and segment-first accounts differ
not only in the order in which planning occurs but also in their view
of the independence of prosodic representation after this coordi-
nation: While the prosody-first account was strongly influenced by
speech error data suggesting the independence of prosody (e.g.,
Shattuck-Hufnagel, 1992), the segment-first account was more
influenced by priming experiments that favor a unified represen-
tation of segments and prosody (e.g., Myers & Watson, 2019;
Roelofs & Meyer, 1998), with no separate representation of prosody
(independent from segments). For example, Myers and Watson
(2019) asked speakers to describe objects using formulaic sentences
(The X shrinks. The Y flashes.); the critical nouns (X and Y) had
different prime—target relationships in the first syllables, over-
lapping in segmental contents (canTEEN vs. CANdle), lexical stress
(TRUMpet vs. CANdle), or both features (CANdy vs. CANdle). They
found that target word duration was the longest (suggesting the
largest effect of inhibitory priming on word planning) when a
prime—target pair overlapped in both segments and lexical stress
placement; inhibitory priming was reduced when only the segments
were shared and was absent when only the lexical stress was shared.
These results suggest that after the segment—prosody coordination,
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the segments maintain a quasi-independent representation where
priming is possible across prosodic contexts, but that there is no
independent prosodic representation separable from segments (at
least for lexical stress).

However, there is evidence that priming may not provide
an accurate diagnostic of prosodic structure. For example, in
Mandarin Chinese, priming based on lexical tone is both weaker
and less consistently found than priming based on segments
(Zeng, 2022), even though lexical tone has a functional load
higher or equivalent to that of vowels (Oh et al., 2015; Surendran
& Levow, 2004); that is, tone contrasts play a substantially
greater role in distinguishing meaning in Mandarin than lexical
stress contrasts do in English (functional load: 4.13 for Mandarin
lexical tone vs. 0.005 for English lexical stress, according to Oh et
al., 2015). If detecting prosodic effects in Chinese (lexical tone) is
difficult, one can reasonably assume that detecting prosodic
effects in English (lexical stress) is even more challenging. In
other words, priming may not be effective at eliciting prosodic
effects, and the weakness/absence of prosodic priming may
reflect the inherent limitation of the priming procedure rather than
a lack of independent prosodic representation. Here, we propose
using sensorimotor adaptation as a more direct assay of the
independence of prosodic representation after the coordination
of prosodic and segmental planning. Prosodic effects have been
hard to detect, but the sensorimotor adaptation procedure has
relatively high task sensitivity. For example, a group size of 10 is
sufficient to observe robust vowel production changes in English
sentences that vary markedly in length, vocabulary, and grammar
(Lametti et al., 2018). More importantly, previous research in-
dicates this procedure is sensitive to prosodic manipulations,
including lexical stress (Bakst & Niziolek, 2021) and lexical tone
(see Tang, 2024, for a recent review).

In a typical speech sensorimotor adaptation study, the acoustic
signals of speech are modified by shifting vowel formants (the
resonant frequencies of the vocal tract) in near real-time. For
example, speakers producing bed may hear something more like bad
(Figure 1A) and consequently adapt their productions to oppose the
auditory perturbation (e.g., by shifting their produced vowel for-
mants toward those of bid). Examining how this adaptation transfers
to untrained items has provided insights into the role of prosodic
structure in speech. For example, French speakers who adapted to a
vowel formant perturbation in monosyllabic bé showed incomplete
transfer to the same syllable in the multisyllabic words bépé and
bébé, with larger (yet still incomplete) transfer to word-initial than
word-final bé syllables (Caudrelier et al., 2018). While this result
suggests that prosodic structure modulates the transfer of learned
adaptation in a particular segmental sequence, it remains unclear
whether the prosodic structure alone can enable adaptation transfer
in a similar manner as segmental content, as predicted if prosodic
structure retains an independent representation during production.
Here, we test this prosodic transfer to directly evaluate the inde-
pendent representation of prosody. Given the broad scope of speech
prosody (Gussenhoven & Chen, 2021), we focus here on the same,
relatively well-studied aspect of prosody as in Myers and Watson
(2019): the word-level prosodic frame (Shattuck-Hufnagel, 2015),!
which specifies syllable positions and lexical stress placement in
English.

To test the independence of the prosodic frame after its coor-
dination with segments, we applied opposing formant perturbations
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to the two syllables of the word bedhead (Figure 1C, left): Because
these syllables share the same vowel /e/, any adaptation based purely
on vowel identity should sum to zero. Although speakers can adapt
to opposing perturbations in separate monosyllabic words sharing
a single vowel (e.g., bed and head; Rochet-Capellan & Ostry,
2011), it is currently unknown whether this ability extends to
different syllables within the same word. After first confirming
that speakers can indeed adapt separately in the two syllables of
bedhead (Experiment 1), we then tested how adaptation transfers
to words with the same stress placement but differing in their
segmental content (e.g., breastfed; Figure 1C, right; Experiment
2). Because these transfer words were not themselves perturbed,
any changes in their production must come from some shared
structural representation with the trained word bedhead. There
are several possibilities for how learning may transfer based on
segmental or prosodic structure; below, we lay out these alter-
natives and what they would suggest about the representation of
prosodic structure.

There are two simple predictions, though both are unlikely given
previous work in speech sensorimotor adaptation and prosodic/
segmental planning (e.g., Caudrelier et al., 2018; see Shattuck-
Hufnagel, 2020, for a recent overview). On the one hand, if pro-
duced words contain an independent representation of segments
entirely free from the prosodic structure, we should see complete
adaptation transfer in the trained syllables, regardless of the prosodic
structure of the novel word (e.g., equivalent changes for the syllable
“bed” in bedhead, bedspread, deathbed, and bed). On the other
hand, if produced words contain an independent representation of
prosody, free from the influence of segments, we should see
complete adaptation transfer in all disyllabic words with the same
prosodic frame (e.g., equivalent changes for both syllables in
bedhead and breastfed).

More likely are predictions derived from the segment-first and
prosody-first models that embrace segment—prosody coordination:
Both models predict that segmental learning should transfer across
prosodic positions, but this transfer should be reduced in the new
prosodic positions compared to the original prosodic positions
(e.g., larger changes for the syllable “bed” in bedhead than
deathbed). However, only the prosody-first model, which assumes
an independent prosodic representation, predicts that adaptation
should (partially) transfer to the vowel in novel words based solely
on their prosodic position (e.g., from bedhead to breastfed), re-
sulting from the persistence of an independent prosodic repre-
sentation after its coordination with segments. In contrast, the
segment-first account, which suggests that prosodic structure does
not have an independent representation, predicts no adaptation
transfer based on shared prosodic structure (e.g., no transfer from
bedhead to breastfed).

Method

All experiments and data analyses can be reconstructed using the
shared code at the Open Science Framework (Zeng et al., 2025b; https://
osf.io/d4t6s/); this link also contains the Supplemental Materials. The

! When individual words are considered, the term “metrical frame” is often
used synonymously with prosodic frame (e.g., Levelt, 1992; Roelofs &
Meyer, 1998). In this article, we only use “prosodic frame” to avoid
confusion.
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Figure 1
Sensorimotor Adaptation Procedure and Experiment Design
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Note. (A) A speaker’s produced speech is altered and played back via headphones in near real-time (from
“bed” to “bad”). Adapted from “When Bed Goes Bad: How the Brain Can Fix Mistakes in Speech While They
Happen,” by C. Niziolek, 2014, Frontiers for Young Minds, 2(2) https://doi.org/10.3389/frym.2014.00002).
Copyright 2014 by Niziolek. Adapted with permission. (B) Spectrogram of the speech signal for “bed” and the
formant alterations. The darker bands are energy concentrations at specific frequencies, corresponding to vowel
formants (F1, F2, and F3), the primary acoustic correlates of vowels. In the example, F1 and F2 are shifted to
sound more like “bad.” (C) The trained word (left) and transfer words (right) in Experiment 2, with one example
of perturbations in an F1-F2 space (shifting the initial syllable toward /1/, but shifting the second syllable toward
/e&/; counterbalanced across participants). (D) A schematic of how a 125-mel perturbation toward /&/ is projected
onto F1 and F2 dimensions. (E) A schematic of the overall procedure, including the relative magnitude of F1 and
F2 perturbations. See the online article for the color version of this figure.

institutional review board at the University of Wisconsin—Madison
approved all procedures.

Participants

Twenty speakers participated in Experiment 1 (15 female, four

male, and one nonbinary; M,g. = 22.30, SD = 8.02, range = 19-55).

Twenty speakers participated in Experiment 2 (18 female and
two male; My, = 20.14, SD = 2.33, range = 18-29). All par-
ticipants were adult native English speakers, with some addi-
tionally speaking at least another language (nine in Experiment 1
and eight in Experiment 2). All participants had no reported
history of neurological, speech, or hearing disorders and passed
a Hughson—Westlake audiology screening before participation
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(thresholds <25 dB hearing level bilaterally in the 250-4,000 Hz
range). Participants were compensated either with course credit
or a monetary payment.

Experiment Design

Experiment 1 establishes that English speakers adapt to opposing
perturbations applied to the two syllables of the trained word
bedhead, and Experiment 2 further examines how the learned
adaptation transfers across segments and prosodic positions by
having English speakers produce words before and after the
training. The opposing perturbations were defined in an F1-F2
space (Figure 1C, left), where one perturbation shifted toward /1/
(as in bid and hid), while the other perturbation shifted toward
/@/ (as in bad and had). The assignment of perturbation direc-
tions to the two syllables of bedhead was counterbalanced across
participants in both experiments. Each speaker received indi-
vidualized perturbations according to their vowel space orga-
nization (see the Supplemental Materials for details). The
perturbation magnitude was fixed at 125 mels for both the /1/-shift
and /a&/-shift, defined in an F1-F2 space (Figure 1D).? Ideally,
the /1/-shift would result in downward F1 perturbation and
upward F2 perturbation, while the /a&/-shift would result in
upward F'1 perturbation and downward F2 perturbation (Figure 1C,
left). When the perturbations were projected onto the F1 and F2
dimensions per participant, the two F'1 perturbations were always in
opposite directions, as expected. However, not all participants’ F2
perturbations were opposing (see the Supplemental Materials for
details): Only data from participants whose F2 perturbations were in
opposite directions for /i/-shift and /e/-shift were included in
analyses of F2 adaptation (13 participants in Experiment 1 and 15
participants in Experiment 2). Across experiments and shift di-
rections, the average absolute magnitudes of these perturbations
applied to F1 and F2 were 107.62 mels and 56.40 mels, respectively
(see the Supplemental Material for details).

Experiment 2 tested adaptation transfer to four types of words
(Figure 1C, right): (a) the trained syllables as isolated monosyllabic
words (bed and head); (b) the trained syllables in their original
prosodic position, combined with another novel syllable (bedspread
and redhead); (c) the trained syllables in the opposite prosodic
position, combined with another novel syllable (deathbed and
headrest); (d) novel syllables in both prosodic positions (breastfed).
All syllables contained the same vowel /e/, and all disyllabic transfer
words had the same prosodic frame as the trained word (primary
stress on the initial syllable).

Experiment 1 only tested the trained word bedhead, consisting of
four phases (Figure 1E): baseline (30 trials), ramp (30 trials), hold
(150 trials), and washout (30 trials). No perturbation was present in
the baseline and the washout phases. The perturbation magnitude
increased linearly throughout the ramp phase, reaching a maximum
of 125 mels, which was maintained during the hold phase. The angle
of the formant perturbation was set individually for each participant,
depending on their vowel space organization. A self-timed break
was included every 30 trials.

Experiment 2 followed the same basic structure as Experiment 1,
with the addition of a pretraining phase before the baseline
phase and a posttraining phase after the hold phase (Figure 1E).
In these two phases, untrained transfer words plus the trained
word bedhead were presented in cycles, each containing one
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repetition of each word. The order of words within each cycle
was pseudorandomized, such that no two adjacent words were
the same. Additionally, auditory feedback in these phases was
masked by speech-shaped noise (~77 dB sound pressure level
[SPL]) to prevent participants from using auditory feedback
to adjust their speech online, enabling a cleaner measure of
adaptation transfer from the trained word to the transfer words in
the posttraining phase. Accordingly, there were six phases in
Experiment 2: pretraining (10 cycles containing trained and
transfer words), baseline (10 trials of bedhead), ramp (20 trials of
bedhead), hold (200 trials of bedhead), posttraining (10 cycles
containing trained and transfer words), and washout (10 trials of
bedhead). The hold phase in Experiment 2 was extended relative
to Experiment 1 to maximize learning and potential transfer, as
we observed that adaptation had not yet reached a plateau in
Experiment 1 after 150 trials.

Procedure and Equipment

Participants sat in front of a computer screen where one word
appeared per trial. They were instructed to read these stimuli
aloud as they appeared on the screen. On each trial, a target word
appeared at the screen center for 1,400 ms (white text on a black
background). The intertrial duration was 1,250 ms, with a 250 ms
jitter. If the recorded speech signal in a trial did not meet a
prespecified minimal intensity threshold, that trial was repeated
(typically, this occurred when participants failed to produce
any response). A Sennheiser MKE 600 microphone recorded
the speakers’ productions, which were digitized using a Scarlett
2i2 sound card, processed (and in some trials altered by shifting
F1 and F2) using Audapter (Cai et al., 2008; Tourville et al.,
2013), and played back over Beyerdynamic DT 770 PRO closed-
back, circumaural headphones. The recording, processing, and
playback occurred in near real-time (~18 ms delay; measurement
following Kim et al., 2020). Speech playback was set to ~80 dB
SPL and mixed with speech-shaped noise at ~60 dB SPL to mask
air- and bone-conducted feedback; the intensity of speech
playback varied with the intensity of produced speech. The
speech was processed similarly through Audapter on all trials,
regardless of whether a perturbation was applied. For trials with
masking noise in Experiment 2 (pretraining and posttraining
phases), only speech-shaped noise, without any speech signal,
was played back at ~77 dB SPL. All stimulus presentation and
data collection used MATLAB (The MathWorks, Inc.).

Before the main experiment, participants completed a brief
calibration phase where bid, bed, and bat were each repeated 10
times (order randomized). This task achieved two goals: (a) to obtain
a speaker-specific linear predictive coding (LPC) order for more
accurate formant tracking and alteration in Audapter; (b) to calculate
speaker-specific perturbation angles in an F'1-F2 space. Following
the main experiment, participants completed a short survey of
perturbation awareness and received an explanation of the study’s
purpose. The entire lab visit lasted ~1.5 hr.

% The magnitude of the formant perturbation was measured in mels, a
perceptual scale across frequencies where each step along the mel scale is
perceived as equally distant (Stevens et al., 1937).
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Data Processing

The Montreal Forced Aligner (McAuliffe et al., 2017) auto-
matically segmented recorded speech into phonemes; boundaries
were checked and adjusted manually when the boundaries identified
by the Montreal Forced Aligner were unsatisfactory. For each
vowel, F1 and F2 measurements were obtained every 3 ms using
Praat (Boersma & Weenink, 2023) via the wave_viewer package
(C. A. Niziolek & Houde, 2015). Preemphasis values and linear
predictive coding (LPC) order were set for each participant; errors in
formant tracking (e.g., sudden jumps, tracking the wrong formants)
were corrected with minimal adjustments to these parameters. Trials
with unresolvable formant tracking errors or unintended productions
(e.g., coughing, hesitations) were excluded (Experiment 1: M =
0.53%, SD = 1.49%, range = [0%, 6.67%]; Experiment 2: M = 1.53%,
SD = 1.65%, range = [0%, 4.76%]).

For each trial, F1 and F2 measurements from 25% to 75% of a
vowel were averaged and converted to the mel scale. To capture the
F1 and F2 changes for each speaker, the average values were
normalized per word per syllable: (a) To evaluate whether adap-
tation occurred, each syllable in bedhead was normalized relative to
the mean F'1 and F2 for that syllable in the last 10 baseline trials; (b)
to evaluate the presence of adaptation transfer in each prosodic
position, all syllables per word in the posttraining phase (including
the transfer words and the trained word bedhead) were normalized
relative to the mean F1 and F2 of that same syllable per word in the
pretraining phase.

In order to verify that the disyllabic transfer words in Experiment
2 were produced with the same stress placement as the trained word
bedhead, we also measured three types of acoustic cues commonly
associated with English lexical stress: fundamental frequency (fp),
intensity, and duration (Lieberman, 1960; Plag et al., 2011). All
measurements were obtained from the vocalic portion of each
syllable in both the pretraining and posttraining phases. The f, was
extracted using Praat (Boersma & Weenink, 2023), where the ex-
pected f, range was adjusted per speaker to avoid any pitch doubling
or halving; the median f; of each syllable in each trial was used in the
statistical analysis. Two intensity measurements were also extracted:
the average and the maximum RMS (root-mean-square) intensity of
the vocalic portion of each syllable.

Statistical Analysis

The primary statistical analysis was mixed-effects models
via the lme4 package (Bates et al., 2023; Version 1.1-34) in
R (R Core Team, 2023; Version 4.3.1)°, where the reported
p values were based on the ImerTest package (Kuznetsova et al.,
2020; Version 3.1-3). In all analyses, the a level was 0.05. The
best model was selected using the buildmer package (Voeten,
2023; Version 2.9), which systematically compares models
differing in one term. To avoid inflating the Type I error rate
(Barr et al., 2013), the initial formula (see below) included all
possible interactions of the independent variables as fixed ef-
fects; the random effects included both participant and relevant
grouping variables (such as word) as random intercepts, plus a
full random-slope structure. The model selection procedure first
performed forward-fitting toward a specified initial formula until
a maximal possible model (without convergence failure or
singular fit) was found; a backward-fitting procedure then

ZENG, PARRELL, AND NIZIOLEK

eliminated terms that did not contribute to model fit. In both
forward-fitting and backward-fitting, the terms in each model
were ordered according to their contribution to the overall
fit (Matuschek et al., 2017) using the Bayesian information
criterion (BIC), which balances fit and complexity. Specifically,
the most important terms were the first to be included in forward-
fitting, and the least important terms were the first to be eliminated
in backward-fitting. The phia package (de Rosario-Martinez et al.,
2015; Version 0.2-1) was used for post hoc comparisons, with the
reported p values after the correction procedure in Holm (1979). As
the proper way to estimate effect size for mixed-effects models is still
under development (Correll et al., 2022), we report R to represent the
total variance explained by the selected model and the individual
terms (Nakagawa et al., 2017). When relevant, Cohen’s d is reported
as a standardized effect size measure for the difference between two
group means; summary statistics report marginal mean values from
statistical modeling and standard errors.

For both experiments, we confirmed the presence of adaptation by
examining the F1 and F2 changes (AF1 and AF2; normalized
relative to the average of the last 10 baseline trials) in individual
syllables in the trained word bedhead during training (baseline,
ramp, hold, and washout phases). As our hypothesis relies critically
on adaptation to opposing perturbations, and the /i/-shift and /e/-
shift in F1-F2 space were not necessarily directly (or even
roughly) opposing, depending on each participant’s vowel space
(see Supplemental Figures S1 and S2), F1 and F2 were analyzed
separately as the projected perturbations on each dimension.
The two shifts were in opposite directions for all participants in
F1 and for a large subset of participants in F2. F1 and F2 data
from the last 10 hold trials and the first 10 washout trials were
analyzed. The initial formulae included the following independent
variables: ShiftDirection (/i/-shift vs. /e/-shift), Phase (hold and
washout), and ShiftOrder (whether the initial syllable received /1/-
shift or /a/-shift, accounting for potential order effects created
by counterbalancing). Adaptation should surface as a significant
difference between the /1/-shift and the /e/-shift (a main effect
of ShiftDirection). Whether specific perturbation conditions
differed significantly from zero was also evaluated with addi-
tional ¢ tests.

AF1|AF2 ~ ShiftDirection * Phase * ShiftOrder
+ (ShiftDirection * Phase
* ShiftOrder|Speaker). (1)

For Experiment 2, we analyzed the posttraining data to evaluate
the pattern of adaptation transfer; the posttraining data were nor-
malized relative to the pretraining phase. To facilitate comparisons
across syllables and words, we sign-flipped (multiplied by —1) the

3 The formulae of statistical models in this article follow R syntax,
where the variable to the left of the tilde (~) is the dependent variable,
and the independent variables are to the right. An interaction of two
independent variables is indicated with a colon (e.g., ShiftDirection:
Phase). When two independent variables are joined by a asterisk symbol
(*), its full expression includes individual variables and all their interaction
(e.g., ShiftDirection * Phase = ShiftDirection + Phase + ShiftDirection:
Phase). For mixed-effect models, fixed effects do not use parentheses,
and random effects are included in parentheses. Within each parenthesis, a
random intercept is placed to the right of a pipe (I), and its corresponding
random slope is specified to the left.
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F1 and F2 change data as if participants always received /1i/-shift in
the initial syllable and /&/-shift in the second syllable. For example,
if a participant received the /e/-shift in the initial syllable, all
formant change values from this participant were multiplied by —1.
The derived dependent variables were labeled AF1 5o and
AF2nsfer- The independent variable ShiftOrder, which coded
whether the initial syllable received /1/-shift or /e/-shift, was
included in all initial formulae to address the potential impact of
this sign-flip practice.

We first tested the maintenance of adaptation during posttraining
at the group level by analyzing the trained word bedhead, starting
with the formulae below (two levels of position: first-syllable,
second-syllable).

AF 1 angter | AF 2 angter ~ Position * ShiftOrder + (Position

* ShiftOrder|Speaker). 2)

In order to evaluate the transfer of learned adaptation to untrained
words, we identified which individuals exhibited evidence of adap-
tation when producing bedhead in the posttraining phase. Bootstrap
resampling (iterations = 10,000) was applied per participant for each
position to obtain 95% confidence intervals (CIs); those without
overlap in their 95% Cls in the expected directions were classified as
adapters (17 participants in the 1 dimension, 11 participants in the
F2 dimension). Next, we analyzed the AF1 ey and AF2,fer Of the
transfer words from only these adapters, as participants who fail to
adapt will, by definition, not show any transfer of learning. First, the
trained syllables in the transfer words were compared to their coun-
terparts in the trained word. To avoid rank deficiency, which could
negatively influence the reliability of mixed models (Scandola &
Tidoni, 2024), a derived variable ProsodicPosition divided the relevant
word chunks into four categories: trained (bedhead and bedhead,;
coded as the reference), original prosodic position (bedspread
and redhead), isolated monosyllables (bed and head), and the
opposite prosodic position (deathbed and headrest). The initial
formulae are shown below, where the variable “Syllable” distin-
guishes “bed” and “head.”

AF 1 ganster |AF 2 anster ~ Syllable * PorsodicPosition * ShiftOrder
+ (Syllable * ProsodicPosition

* ShiftOrder|Speaker). 3)

Separately, the novel syllables in transfer words were compared
with their counterparts (based on prosodic position) in the trained
word. The initial formulae are shown below, where the variable
“Position” differentiates the first-syllable and second-syllable po-
sitions, and the variable “Training” separates the trained word from
the rest.

AF1anstor | AF2 anster ~ Position * Training * ShiftOrder
+ (Position * Training
* ShiftOrder|Speaker). 4)

Finally, we checked whether the disyllabic transfer words were
produced with the same stress placement as the trained word
bedhead during the pretraining and posttraining phases by building
models that compared the first-syllable and second-syllable
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positions, targeting four acoustic cues commonly associated with
English lexical stress. The initial formulae were the following.
If the transfer words are produced with the same stress placement
as the trained word bedhead, we should see no main effect of
“Word.”

fo|Duration|Intensityy,, | Intensityy;,, ~ Word * Position * Phase
+ (Word * Position

* Phase|Speaker). 5)

Results

Our hypothesis relies critically on adaptation to opposing audi-
tory perturbations. For this reason, F1 and F2 were analyzed and
reported separately as the projected perturbations on each dimen-
sion, as the /1/-shift and /&/-shift were not necessarily opposing in
F1-F2 space due to the particularity of each participant’s vowel
space. Because the results of the F1 and F2 analyses are in broad
agreement (see the Supplemental Materials for details), we report
statistical results of only the F'1 analyses, except when the F'1 and F2
analyses diverge.*

Experiment 1

Participants adapted separately to the opposing perturbations
applied to the two syllables of bedhead in both F1 and F2 in
the expected directions: For the /1/-shift (downward F1 and
upward F2), speakers raised their produced F1 and lowered their
produced F2; for the /&/-shift (upward F1 and downward F2),
speakers lowered their produced F1 and raised their produced
F2 (Panels A and C in Figure 2). At the individual level, 90% of
speakers produced a more positive mean F'1 change in the /1/-shift
than the /@/-shift in the analyzed hold phase, and 90% also
maintained this pattern in the analyzed washout phase (Figure 2B);
all speakers produced a more negative mean F2 change in the /1/-
shift than the /&/-shift in both the analyzed hold and washout
phases (Figure 2D). The selected F1 model (R* = 0.228) was the
following.

AF'1 ~ ShiftDirection + Phase + (ShiftDirection

+ Phase|Speaker). (6)

As expected, F1 change in the /1/-shift was significantly positive
(36.17 £2.56 mels, p < .001), but negative in the /a&/-shift (—20.28 +
2.59 mels, p = .04), yielding a significant difference between the two
syllables, a main effect of ShiftDirection: (1) = 40.45, R* = 0.228,
d = 1.10, p < .001. No other term in the selected model was
significant (p > .29), indicating no detectable F1 change in the two
analyzed windows.

In brief, Experiment 1 confirmed that speakers adapted separately
to opposing formant perturbations applied to the two syllables in
bedhead in the expected directions; this adaptation was maintained
immediately after removing the perturbation.

4 The independent variables of the selected models reported in this article
are listed according to their contribution to the overall model fit in descending
order.
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Figure 2
Experiment 1 Results
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trials that entered statistical analysis. (A and C) Changes in F1 (A) and F2 (C) in response to formant perturbations;
the dotted vertical lines separate experimental phases. (B and D) Individual speakers’ F'1 (B) and F2 (D) changes in
the analyzed hold and washout phases; colors represent individual speakers. See the online article for the color

version of this figure.

Experiment 2

Experiment 2 further tested the transfer of adaptation to disyllabic
words with the same stress placement but with different segmental
content; this was achieved by having participants produce the
transfer words before the baseline phase (pretraining) and after the
hold phase (posttraining).

Training Results

Like Experiment 1, Experiment 2 participants adapted separately
to the opposing perturbations applied to two syllables in bedhead:
For the //-shift (downward F'1 and upward F2), speakers raised their
produced F1 and lowered their produced F2; for the /e/-shift
(upward F'1 and downward F2), speakers lowered their produced F1
and raised their produced F2 (Panels A and C in Figure 3). Unlike
Experiment 1, which had no detectable decline of formant changes

in the analyzed washout phase, the washout phase in Experiment 2
showed reduced adaptation, which was expected as the hold and
washout phases in Experiment 2 were further separated by 80
posttraining trials. At the individual level, all speakers produced a
more positive mean F1 change in the /1/-shift than the /e/-shift in the
hold phase, and 95% maintained this pattern in the washout phase
(Figure 3B); all speakers produced a more negative mean F2 change
in the /1/-shift than the /&/-shift in both the hold and washout phases
(Figure 3D). The selected 1 model (R?=0.402) was the following.

AF1 ~ ShiftDirection + Phase + ShiftDirection : Phase
+ (ShiftDirection + Phase|Speaker). )
The F1 change in the /i/-shift was significantly positive (35.27 +
1.99 mels, p < .001), but negative in the /&/-shift (—33.30 +£2.33 mels,

p <.001), yielding a significant difference between the two syllables,
a main effect of ShiftDirection: *(1) = 101.12, R* = 0.391, d = 1.60,
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Figure 3
Experiment 2 Training Results
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that entered statistical analysis. (A and C) Changes in F1 (A) and F2 (C) in response to formant perturbations; the
dotted vertical lines separate experimental phases. (B and D) Individual speakers’ F1 (B) and F2 (D) changes in the
analyzed hold and washout phases; colors represent individual speakers. See the online article for the color version

of this figure.

p < .001. Moreover, the separation between the /i/-shift and the /e&/-
shift was greater in the hold phase than in the washout phase,
as indicated by a significant interaction of ShiftDirection and Phase,
x2(1) =43.52, R = 0.026, p < .001. Post hoc comparisons also found
that the 1 change in the /1/-shift showed a significant decline from the
hold phase to the washout phase (p = .013), but no such difference
was detected in the /@/-shift (p = .14). The //-shift had a significantly
more positive 1 change than the /&/-shift in both phases (both p <
.001). The F1 change differed significantly from zero in both shift
directions in both phases (hold: /i/-shift =44.21 + 2.73 mels, /e/-shift =
—38.48 + 3.29 mels; washout: /i/-shift = 26.34 = 2.75 mels, /e/-shift =
—28.13 £ 3.27 mels; all p < .001). No other term in the selected model
was significant (p > .51).

In brief, Experiment 2 replicated the major findings of Experiment 1:
Speakers adapted separately to opposing formant perturbations
applied to the two syllables in bedhead in the expected direction;

this adaptation was maintained but showed signs of a reduction
after removing the perturbation.

Transfer Results

To analyze the transfer of learned adaptation, the formant change
data in the posttraining phase were normalized relative to the
pretraining phase and underwent sign-flip operations as if our
participants always received /i/-shift in the initial syllable and /a/-
shift in the second syllable. Figure 4 summarizes the transfer results
in the posttraining phase, where the shading shows 95% Cls at the
group level based on bootstrap resampling of the trained word
(adapters only; iterations = 10,000). The formant changes of the two
syllables of bedhead were in opposite directions in both F1 and F2,
and there was no overlap in the CIs, indicating the maintenance of
the learned adaptation under masking noise. Transfer in the trained
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Figure 4
Experiment 2 Transfer Results
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The figure shows the results of formant changes (F1 in A, F2 in B) in the posttraining phase based on data from

adapters (/1/-shift in the initial syllable; /e/-shift in the second syllable; data from participants who received the opposite
perturbation order were sign-flipped), showing means and standard errors across 10 trials. The shading shows 95%
confidence intervals based on bootstrap resampling of the trained word at the group level; only data from adapters were
included in analyses of adaptation transfer (17 participants in the F'1 dimension, 11 participants in the F2 dimension). See

the online article for the color version of this figure.

syllables was not uniform across words and positions (Figure 4,
middle), suggesting that prosody at least plays a modulatory role in
adaptation transfer. More importantly, the directionality of formant
changes in the novel syllables mirrored the trained syllables
(Figure 4, right), although with a reduced magnitude, suggesting
adaptation transfer based on prosody alone. See Table 1 for a
summary of statistical differences between upward and downward
shifts for each condition. Below, we report how the initial and the
second syllables, which received opposing perturbations, diverged
in light of a potential independent representation of prosodic
structure.

The Maintenance of Adaptation. Adaptation was maintained
in the trained word bedhead during the posttraining phase at the
group level: Its 1 change was positive in the initial syllable and
negative in the second syllable, opposing the F1 perturbations
(Figure 4, left). The F1 model that examined the separation between
the two syllables had the following formula (R* = 0.309).

AF 1 anster ~ Position + (Position|Speaker). ®)

Consistent with the results from the training phase, F'1 change
was positive in the first-syllable “bed” (20.49 + 2.33 mels, p < .001)
and negative in the second-syllable “head” (—27.80 + 2.87 mels, p <
.001), with a significant difference between the two, a main effect of
position, y*(1) =48.55, R>=0.309, d = 1.32, p < .001. Based on the
95% Cls from the bootstrap resampling, 17 of the 20 participants
(85%) individually exhibited adaptation in bedhead in this post-
training phase (see the Supplemental Materials for details), with
significantly more positive F1 change in the initial syllable than in
the second syllable. Data from only these 17 adapters were analyzed
to evaluate the transfer patterns, as reported below.

Comparison of the Trained Word and the Trained Syllables.
Adaptation did not transfer equally to all trained syllables
(Figure 4, middle): (a) The largest transfer occurred when the
trained syllables occurred in the original prosodic position
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Summary of Adaptation Maintenance (Trained Syllables) and Adaptation Transfer (Novel Syllables), as Reflected
by the Separation Between Syllables Receiving /v/-Shift and /ee/-Shift in Experiment 2

F1(N=17) F2 (N=11)
Mean perturbation = Mean perturbation =
110.00 mels 58.90 mels
Condition d p d )4
Trained word (bedhead) 1.60 <.001 1.16 <.001
Trained syllables
Original (bedspread/redhead) 0.99 <.001 1.25 <.001
Opposite (deathbed/headrest) 0.26 .023 0.51 <.001
Monosyllabic (bed/head) 0.43 .001 0.61 <.001
Novel syllables
Overall 0.24 .062 0.26 <.001
With trained syllable in original position 0.23 25 0.46 <.001
(bedspread, redhead)
With trained syllable in opposite position 0.23 25 0.33 .01
(deathbed/headrest)
Two novel syllables (breastfed) 0.26 25 0.01 .96

Note.
significant separations are underlined.

(bedspread and redhead); (b) when the trained syllables
occurred in isolated monosyllables, transfer was complete in bed
but absent in head; (c) when the trained syllables occurred in the
opposite prosodic position (deathbed and headrest), they tended
to follow the direction of the trained syllable, though with a
substantially reduced magnitude. The selected F'1 model was the
following (R* = 0.223).

AF 1 ansier ~ Syllable + ProsodicPosistion
+ Syllable : ProsodicPosistion + ShiftOrder
+ ProsodicPosistion : ShiftOrder

+ (Syllable|Speaker). )

The “bed” syllables had significantly larger F1 changes than
the “head” syllables, indicated by a significant main effect of
syllable, x*(1) = 157.28, R* = 0.135,d = 0.77, p < .001. Whether
the trained syllables stayed in their original prosodic position also
modulated the F1 change significantly, a main effect of
ProsodicPosition, X2(3) = 66.86, R* = 0.02, p < .001. The selected
model further contained a significant interaction of the prosodic
position of the trained syllables and the counterbalanced order of
the shifts, ProsodicPosition:ShiftOrder: x°(3) = 26.95, R* <
0.001, p < .001, yet no difference was found based on whether
participants first received the /&/-shift or /1/-shift, ShiftOrder:
Xz(l) =0.018, R* = 0.001, p = .67, including comparisons across
all prosodic positions (all p > .08), suggesting that the influence of
the order of the shifts on transfer was limited.

Importantly, the magnitude of the separation between the trained
syllables “bed” and “head” differed depending on their prosodic
position in the untrained words, an interaction of Syllable and
ProsodicPosition, X2(3) =119.37, R* = 0.104, p < .001. Post hoc
comparisons found that the “bed” syllables had significantly more
positive F1 change than the “head” syllables, consistent with the
transfer of learned adaptation across all prosodic positions (all p <
.024). The separation of “bed” (23.82 + 2.39 mels, significantly
positive, p < .001) and “head” (—=30.78 + 2.86 mels, significantly

Conditions with significant differences between the two shift directions are shown underlined and in italics; marginally

negative, p < .001) was the largest in the trained word bedhead (d =
1.61, p < .001), which was also significantly larger than the other
prosodic positions, indicating incomplete adaptation transfer (d =
0.99, 0.43, and 0.26; all p < .001; details below).

When trained syllables occurred in their original prosodic
position, transfer was present but incomplete. This was true for
both bedspread (15.59 + 2.53 mels, significantly positive, p =
.009), which showed a significantly smaller change than bedhead
(d=0.23, p=.034), and redhead (—17.26 + 2.66 mels, significantly
negative, p < .001), which showed a significantly smaller change
than bedhead (d = 0.39, p < .001). A direct comparison of bed-
spread and redhead showed that they differed significantly from
each other (d = 0.99, p < .001).

In monosyllables, transfer was essentially complete in the
monosyllabic bed (18.09 + 2.68 mels, significantly positive, p =
.002), with no difference from the reference bedhead (d = 0.13, p =
.15). Conversely, transfer was entirely absent in the monosyllabic
head, whose F1 change did not differ from zero (3.61 £2.43 mels, p =
.86) and was, in fact, numerically in the opposite direction as bed-
head, it also differed significantly from bedhead (d = 1.02, p < .001).
A direct comparison of the change in F1 in these monosyllables
showed a significant difference between the two (p =.002, d = 0.43).

Finally, transfer was small, but present, for trained syllables in the
opposite prosodic position. In deathbed, the F1 change was in the
same direction as bedhead (2.75 + 2.80 mels, no difference from
zero, p = .86), but of significantly smaller magnitude (d = 0.62, p <
.001); in headrest, the F1 change was in the same direction as
bedhead (—7.02 + 2.77 mels, no difference from zero, p = .38), but
of significantly smaller magnitude (d = 0.66, p < .001). Crucially, a
direct comparison of the F1 change in deathbed and headrest
showed a significant difference (d = 0.26, p = .024). In other words,
although the change of prosodic position modulated adaptation
transfer, the direction of adaptation transfer followed the direction of
change in the trained syllables (same segmental content) rather than
the position in the prosodic frame.

The results for changes in F2 largely mirrored those for F'1, with
the exception of when the trained syllables occurred in the opposite
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prosodic position: While F1 changes in this case patterned with the
trained segmental content (e.g., “bed” in both bedhead and deathbed
had positive F1 change), the F2 changes patterned instead with
prosodic position. In deathbed (0.36 + 2.46 mels, no difference from
zero, p = .99), the F2 change was in the same direction as the second
syllable in bedhead (12.70 + 2.46 mels, marginally positive, p =
.094), but of significantly smaller magnitude (d = 0.50, p <.001). In
headrest (—11.28 = 2.44 mels, no difference from zero, p = .11), the
F2 change was in the same direction as the first syllable in bedhead
(—18.42 + 2.77 mels, significantly positive, p = .039), with no
significant difference in magnitude (d = 0.21, p = .13).

In summary, adaptation did not transfer equally to all trained
syllables. Transfer was the largest when a trained syllable remained
in its original prosodic position (also paired with a novel syllable),
although even in this case, transfer was incomplete. In the opposite
prosodic position, there was a difference in the expected direction
between “bed” in deathbed and “head” in headrest, suggesting some
transfer of learning; however, when examining the syllables indi-
vidually against zero or the reference bedhead, significant results
were detected, suggesting small transfer. Finally, the first-syllable
position also seemed more conducive to adaptation transfer than
the second-syllable position, as the transfer was complete in the
isolated bed but was absent in the isolated head. However, because
all disyllabic stimuli have the same lexical stress placement
(primary stress on the first syllable and secondary stress on the
second syllable), it is unclear whether this effect is due to syllable
position per se or to lexical stress placement. Regardless, and
taking the full pattern of results into consideration, these findings
indicate that transfer was influenced by both segmental and prosodic
structure.

Comparison of the Trained Word and the Novel Syllables.
Examining adaptation transfer in novel syllables provides the most
direct test of the independence of prosody, as this transfer can only
occur if prosodic structure retains some independent representation
after its coordination with segmental content. Consistent with
such an independent representation, novel syllables showed formant
changes according to their position in the prosodic frame: Syllables in
the first-syllable position (primary stress) showed larger F'1 changes
than those in the second-syllable position (secondary stress), mirroring
the pattern observed in the trained syllables (Figure 4, right); see
Supplemental Figure S4 for averages of individual participants. While
the overall pattern was similar for both 1 and F2, statistical analyses
of the two formants yielded slightly different results. The /1 model for
comparing the trained word bedhead and the novel syllables was the
following (R* = 0.188).

AF1ansier ~ Position + Training + Position : Training
+ ShiftOrder + Posistion : ShiftOrder
+ Training : ShiftOrder
+ Position : Training : ShiftOrder + (Position

+ Training|Speaker). (10)

The F1 change in the first-syllable position was significantly
positive (18.54 + 1.29 mels, p < .001), and the second-syllable
position was significantly negative (—12.69 + 1.49 mels, p = .011),

ZENG, PARRELL, AND NIZIOLEK

yielding a significant difference between the two, a main effect of
position: y*(1) = 35.33, R* = 0.093,d = 0.54, p < .001. The trained
and novel syllables also differed significantly, a main effect of
training, ¥*(1) = 13.05, R* = 0.026, p < .001.

Importantly, the separation between the two positions was larger
in the trained syllables than in the novel syllables, indicating reduced
transfer in the novel syllables, a significant interaction of position
and training, y*(1) = 61.98, R* = 0.028, p < .001. Critically, post
hoc comparisons revealed the presence of incomplete transfer in the
novel syllables based on their prosodic positions. When the novel
syllables were examined according to their position in the prosodic
frame, the F1 change in the first-syllable position (13.39 + 1.51
mels, significantly positive, p = .021) was in the same direction, but
reduced, compared to bedhead (d = 0.28, p = .010), indicating
incomplete transfer; in the second-syllable position, there was no
direct evidence for transfer, as the F1 change in the novel syllables
(5.43 = 1.54 mels, no difference from zero, p = .30) was in the
opposite direction as the reference bedhead and differed signifi-
cantly from it (d = 0.28, p = .010). Directly comparing the first- and
second-syllable positions showed a significant difference between
the syllables in the trained word (d = 1.60, p < .001); the difference
in the novel syllables was numerically in the same direction, but this
difference was not significant (d = 0.24, p = .062). The F'1 model
also detected a significant interaction of position, training, and
ShiftOrder, ¥*(1) = 7.34, R* = 0.003, p = .007 (see Supplemental
Table S1), suggesting that the specific order of the applied shifts
modulated the F1 transfer results; however, even after accounting
for order effects, the main differences between syllable positions and
trained/novel syllables were still found. No other term in the selected
model was significant (p > .085).

The F2 model for comparing the trained word bedhead and the
novel syllables was the following (R* = 0.096).

AF2 550 ~ Position 4+ Training + Position : Training

+ (Position + Training|Speaker). (11)

The F2 change in the first-syllable position was significantly
negative (—12.70 = 1.31 mels, p = .02), but the change in the
second-syllable position, while in the expected direction, did not
differ from zero (6.18 + 1.14 mels, p = .21). Nonetheless, there was a
significant difference between the two syllable positions, a main
effect of position: ¥*(1) = 127.32, R*> = 0.093, d = 0.49, p < .001.
The separation between the two positions was larger in the trained
syllables than in the novel syllables, indicating reduced transfer in
the novel syllables, a significant interaction of position and training,
x*(1) = 56.73, R* = 0.044, p < .001.

Similar to F1 results, post hoc comparisons revealed the presence
of incomplete transfer in the novel syllables based on their prosodic
positions. When individual novel syllables were examined, the F2
change in the first-syllable position (—6.29 + 1.51 mels, no dif-
ference from zero, p = .15) was in the same direction, but reduced,
compared to bedhead (d = 0.42, p = .030); the F2 change in the
second-syllable position did not differ from zero (—0.02 + 1.54 mels,
p = .99) but differed significantly from the reference bedhead (d =
0.63, p = .030). Directly comparing the first- and second-syllable
positions showed significant differences between the syllables in


https://doi.org/10.1037/xlm0001551.supp
https://doi.org/10.1037/xlm0001551.supp
https://doi.org/10.1037/xlm0001551.supp

This doc
This article is intended solely for the per

or one of its allied publishers.

nd is not to be disseminated broadly.

echnologies, are reserved.

t

including for text an

All rig

PROSODIC INDEPENDENCE IN SPEECH PRODUCTION

both trained words (d = 1.16, p < .001) and, crucially, in the novel
syllables (d = 0.26, p < .001).

Because the presence of a trained syllable in a transfer word (e.g.,
bedspread) may influence adaptation transfer across positions (cf. the
transfer from bé to both syllables of bépé in Caudrelier et al., 2018), we
also modeled the trained and the novel syllables by making finer
distinctions in the novel syllables. The results broadly agreed with the
above reports (see the Supplemental Materials for details).

To summarize, adaptation transferred from the trained word
bedhead to novel syllables with the same prosodic frame based on
their prosodic position within that frame. Although the magnitude of
this transfer was relatively small compared to segmental-based
transfer in trained syllables, these results nonetheless provide evi-
dence for an independent representation of prosody separate from
the segmental content of speech: In the novel syllables, the sepa-
ration between the first-syllable position (primary stress) and the
second-syllable position (secondary stress) mirrored the separation
of “bed” and “head” in bedhead in both F1 and F2. Examination of
the two syllable positions separately showed that transfer was
present but incomplete in the first-syllable position, but absent in the
second-syllable position, mirroring the primacy of the first-syllable/
primary-stress position observed when the trained syllables in
bedhead were produced as monosyllables.

Prosodic Consistency Between the Trained and
Transfer Words

We checked acoustic cues commonly associated with prosody
(median f;, mean RMS intensity, maximum RMS intensity, and
duration) and found that the transfer words were produced with
similar prosodic realizations as the trained word bedhead (Figure 5;
see the Supplemental Materials for detailed statistical results). As
expected for words with first-syllable primary stress, the first-
syllable position was consistently produced with higher median f,
than the second-syllable position across words and phases (all p <
.001; Figure 5A); the same pattern (higher f; in the first-syllable
position) held when only examining adapters in the F1 dimension
(n=17; all p < .002) and in the F2 dimension (n = 11; all p <
.001). Similarly, the first syllables were produced with higher
intensity (both mean RMS intensity and maximal RMS intensity,
all p < 0.05).

Conversely, the first-syllable position consistently had a shorter
duration than the second-syllable position across phases and words
(all p < .001); the same pattern held when examining only adapters
in the F1 dimension (n = 17; all p < .001) and in the F2 dimension
(n=11; all p < .001). However, the longer duration in the second-
syllable position likely reflects phrase-final lengthening, that is, the
temporal expansion of the final syllable in an utterance. Phrase-final
lengthening is seemingly universal: It is consistently reported in
English (e.g., Oller, 1973; Wightman et al., 1992), as well as cross-
linguistically (e.g., Seifart et al., 2021). Critically, phrase-final
lengthening has been shown to result in overall longer durations of a
final unstressed syllable compared to initial stressed syllables in
phrase-final trochees like bedhead (Berkovits, 1994), strongly
suggesting that the durational differences found in our data do not
reflect the presence of primary stress on the final syllable.

To summarize, patterns of produced f; and intensity clearly
indicate that the primary stress fell on the first syllable. Moreover,
across all the acoustic cues, the transfer words were produced with
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the same prosodic structure as the trained word bedhead, corrob-
orating the claim that the shared prosodic structure is the primary
driver of the adaptation transfer in novel syllables.

Discussion

In running speech, segments and prosody co-occur in time, so
there must be a mechanism that coordinates their production
during planning. Previous research suggests that segments still
have an independent representation after this segment—prosody
coordination, but it remains unclear whether prosody also has an
independent representation. Here, we addressed this question
using a novel paradigm: evaluating the transfer pattern of speech
sensorimotor adaptation from a trained word to untrained words
containing both trained and novel syllables, all containing the same
vowel /e/. Since we applied opposing formant perturbations to the
first and second syllables of the trained word, adaptation purely
driven by the vowel /e/ is expected to be zero. Speakers adapted
separately to the opposing formant perturbations applied to the two
syllables in the trained word bedhead, and this learned adaptation
transferred both to the same syllables in new words as well as to
novel syllables. In syllables that occurred in the trained word,
transfer was largest when trained syllables remained in their
original prosodic position (e.g., bedspread), but was reduced (or
absent) when the trained syllables occurred in the opposite pro-
sodic position (e.g., deathbed). Transfer was small but consistently
present in novel syllables (e.g., breastfed) according to their
position in the prosodic frame. Across both trained and novel
syllables, the first-syllable position with primary stress appeared
more conducive to adaptation transfer than the second-syllable
position with secondary stress. The patterns of transfer observed in the
trained syllables are largely compatible with both major classes of
models concerning the coordination of segmental content and pro-
sodic structure. The prosody-first account (e.g., Keating & Shattuck-
Hufnagel, 2002; Turk & Shattuck-Hufnagel, 2020) proposes that
prosody is planned before segments, with the latter filling in the slots
in a prosodic frame created by the former. The segment-first account
(e.g., Levelt, 1989; Levelt et al., 1999), in contrast, posits that seg-
ments are planned first, followed by prosody being superimposed on
already planned segments. Regardless of the timing order of the
segments and prosody, both accounts suggest that segmental structure
retains some independent representation apart from its prosodic
context, so both predict that the transfer of adaptation will be the
largest when trained syllables remain in their original prosodic
position but reduced in magnitude (yet still present) when trained
syllables change their prosodic positions. Both predictions were borne
out in our study: Transfer from bedhead was larger in bedspread and
redhead (d = 0.99/1.25 in F1/F2) than in deathbed and headrest (d =
0.43/0.51 in F1/F2).

However, these two models differ in their predictions about
adaptation transfer based on the prosodic frame alone. In our data,
we found small but consistent adaptation transfer in the novel
syllables based on their prosodic positions. Crucially, as the
adaptation transfer in the novel syllables was most likely due to the
shared prosodic structure, our study presents the first behavioral
evidence supporting the presence of an independent prosodic
representation in motor plans. Such an interpretation is more
consistent with the prosody-first account (e.g., Keating & Shattuck-
Hufnagel, 2002; Turk & Shattuck-Hufnagel, 2020), which assumes
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Figure 5
Experiment 2 Measures of Lexical Stress
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Note. The figure shows the prosodic cues of disyllabic words in Experiment 2 during the pretraining and
posttraining phases, showing the consistent prosodic realizations between the trained word and other transfer
words. All Experiment 2 participants were included; qualitatively similar results were found when only adapters
identified in the F1 and F2 dimensions were tested (n = 17 and 11, respectively). RMS = root mean square.

the independence of prosody in speech production. Our results are at there is abundant evidence for the independence of prosody at the
odds with the segment-first account (e.g., Levelt, 1989; Levelt et al., phrase and sentence levels (see Shattuck-Hufnagel, 2015, 2020, for
1999), which predicts no independent prosodic representation after overviews). Our results show that such an independent prosodic
its integration/coordination with segments. In the existing literature, representation is also present at the word level. Nevertheless, our
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results cannot answer whether word-level prosodic structure is
planned before or after segmental content or if segmental and
prosodic structures are planned simultaneously (cf. Zeng et
al., 2025a).

Notably, our results in favor of the independent representation of
word-level prosodic structure contradict previous findings that
failed to elicit prosodic priming of spoken words. It may be that
priming, in general, is simply ineffective in tapping into prosodic
representations, as suggested by the difficulty of eliciting priming
based on lexical tones in Mandarin Chinese, a core phonological
distinction in that language (Zeng, 2022). Indeed, the failure of
priming to elicit prosodic effects is not restricted to speech pro-
duction; perceptual experiments involving priming have also failed
to uncover prosodic effects (Cutler, 1986; Sereno & Lee, 2015). For
example, Sereno and Lee (2015), who used a primed auditory lexical
decision task, essentially replicated the results of Myers and Watson
(2019) in spoken word recognition: The priming effect, measured as
gain in reaction time relative to unrelated controls, was the largest
when overlap occurred in lexical tone and segments (rui-rui; diacritics
show lexical tone categories), weaker when there was only seg-
mental overlap (ru-ru1), and absent when there was only lexical tone
overlap (sha-rt)). However, later perceptual studies using more
sensitive measures, such as eye-tracking, indeed found evidence for
the continued use of lexical tone in speech perception in both native
and nonnative listeners (Qin et al., 2019), corroborating the idea that
priming is ineffective at detecting prosodic effects. More broadly,
procedures relying on reaction time and accuracy, even without a
priming component, are overall unsuccessful in finding prosodic
effects in speech perception (Cutler & Chen, 1997; Cutler &
Clifton, 1984; Slowiaczek, 1990; Wiener & Turnbull, 2016) and
speech production (Myers & Watson, 2021). Accordingly, the
lack of prosodic effects reported in previous studies of speech
production (Myers & Watson, 2019, 2021; Roelofs & Meyer,
1998) should be reinterpreted as a lack of evidence for an inde-
pendent prosodic representation instead of evidence of its absence.
An important open question worthy of further investigation is why
prosodic effects are more difficult to detect in procedures such
as priming.

We found that adaptation transfer based on position within the
prosodic frame was substantially smaller than transfer based on
shared segmental content (e.g., the nearly complete transfer from the
first syllable in bedhead to the isolated word bed), suggesting that the
segmental representation may be stronger than the prosodic repre-
sentation. However, and in contrast with previous results from
priming studies, we observed several cases where adaptation transfer
reflected primarily prosodic structure rather than segmental content.
For example, transfer is absent from the second syllable (with sec-
ondary stress) in bedhead to the isolated word head (with primary
stress). More directly, in our F2 results, when trained syllables
occurred in a novel prosodic position, the transfer of adaptation
followed the trained syllable position rather than the trained seg-
mental content (negative F2 changes in bedspread and headrest and
positive F2 changes in redhead and deathbed), indicating that transfer
in this case is primarily determined by prosodic structure. Conversely,
our F1 results are more consistent with the suggestion from previous
studies (i.e., a stronger segmental representation that is modulated, but
not dominated, by prosody): Transfer in the trained syllables largely
followed trained segments, as identical syllables had the same
direction of formant change regardless of their prosodic position
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(positive F1 change in bedspread and deathbed and negative F1
change in redhead and headrest).

The disparity in F1 and F2 results may be explained by weaker
segmental transfer in F2 (difference between /i/-shift and /a&/-shift;
95% CI[6.56, 14.55] mels) than in F'1 (95% CI[14.51, 23.21] mels),
which may have allowed prosodic structure to surface as the primary
driver of adaptation and the subsequent transfer in the F2 dimension.
We see two potential reasons why segment-based learning and
transfer may have been reduced in F2 compared to F1. First, the
magnitude of segmental transfer may vary with the magnitude of the
auditory perturbation. In the present study, the magnitude of the F2
perturbations (M = 56.40 mels) was considerably smaller than the F'1
perturbations (M = 107.62 mels). As the magnitude of adaptation
generally scales with the magnitude of the perturbation (e.g., Katseff
etal., 2012; MacDonald et al., 2010), smaller perturbations may have
led to reduced segmental-based learning and transfer in the F2
dimension. In contrast, the prosodic transfer in novel syllables was of
similar size in F1 and F2 (d = 0.25, p = .062 in F1;d = 0.26, p =
.001), potentially suggesting that prosody-based learning is relatively
independent of perturbation magnitude. Alternatively, it may be that
F2 provides a weaker cue to vowel categories than F1 (at least among
the perturbed /e/ vowel compared to the neighboring /i/ and /e&/
vowels toward which the auditory feedback was perturbed). Given
that segmental-based articulatory changes in the motor system in
response to auditory errors are generally larger when those errors
cross a category boundary (see C. A. Niziolek & Guenther, 2013, for
online compensation across vowel boundaries and Bourguignon et
al., 2014, for adaptation across lexical boundaries), the stronger
categorical changes induced by F1 perturbations may have resulted in
more segment-based learning in this dimension, allowing prosodic
effects to emerge in F2. Notably, this should be the case even if the
magnitude of the perturbations in the two dimensions had been equal.
Follow-up experiments applying the same perturbation magnitude to
F1 and F2 could resolve this question.

While the present study provides evidence for the independence
of prosodic structure, it is unclear exactly what structural component
of prosody this adaptation transfer reflects. If we consider that the
primary aspect of the metrical frame is the placement of lexical
stress, our results show that primary stress is more conducive to
adaptation transfer than secondary stress (see Bakst & Niziolek,
2021, for similar results). However, there are several other possi-
bilities. First, it is possible that the transfer observed here is based on
primary stress, rather than a metrical frame per se. This would be
consistent with the nearly complete transfer observed from “bed” in
“bedhead” to the monosyllable “bed,” where “bed” receives primary
stress in both cases, compared to the lack of transfer to the
monosyllable “head,” where there is a mismatch in stress. This
account could also explain the results from the transfer to novel
syllables, where transfer was observed primarily in the stressed
syllables. Conversely, these same effects would also be consistent
with prosodic transfer relying on syllable position in the word, with
primacy given to the first syllable. From an information theory
perspective, sounds occurring early in a word are more informative
than later ones (e.g., one does not need to hear all sounds in
“cucumber” before it emerges as the only viable word). The
importance of early sounds is also universally embraced by models
of spoken word recognition (e.g., Marslen-Wilson & Tyler, 1980;
McClelland & Elman, 1986; Norris & McQueen, 2008). In speech
production, the initial segments and syllables may also enjoy a
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similar special status, which could be conducive to adaptation
transfer. Follow-up experiments that test adaptation transfer to
disyllabic words with the primary stress on the second-syllable
position could clarify which feature(s) of prosody (metrical frame,
lexical stress, syllable position) drive the prosodic transfer in novel
syllables.

In this study, we focus on word-level prosody, and our results
show for the first time that speakers are able to adapt to distinct
auditory perturbations of different syllables within the same pro-
sodic word. While previous work has shown that speakers can adapt
to such opposing perturbations when they are applied to separate
monosyllabic words sharing the same vowel (i.e., bed and head;
Rochet-Capellan & Ostry, 2011), our results showed that even when
united in a single word, separate syllables sharing the same vowel
can show differential adaptation (e.g., “bedhead” — “bidhad”). The
transfer of learned adaptation based on a shared disyllabic word-
level prosodic structure in Experiment 2 also clearly indicates that,
in the current experiments, bedhead was produced as a single unified
word rather than as separate, isolated syllables. If “bedhead” was
produced as two isolated monosyllabic words, we would expect to
see (near-)complete transfer of adaptation to the isolated mono-
syllables “bed” (confirmed) and “head” (disconfirmed); it could be
that isolated monosyllabic words are treated like the first syllable in
disyllabic words. Regardless, that prosody enables and modulates
adaptation transfer indicates that the disyllabic words are produced
as a single unified word, instead of a simple concatenation of
isolated monosyllables. The ability of speakers to adapt to different
auditory perturbations within a single word is also consistent with a
recent study from our lab that reports strong evidence for multi-
syllabic motor planning units, likely corresponding to words (Zeng
et al., 2025a).

Finally, although our results provide evidence supporting an
independent prosodic representation at the word level in speech
production, there are several unanswered questions regarding the
generalizability of this conclusion. First, as discussed above, future
research is needed to clarify which aspect(s) of prosody (the metrical
frame, lexical stress, syllable position) enable the transfer of
adaptation—answering this question is critical for understanding
what aspect(s) of prosodic structure have an independent repre-
sentation in speech production. Second, our study only examined
transfer to words sharing the same vowel /e/ that occurred in the
trained word. While this was critical here to ensure that any seg-
ment-based learning canceled out, an independent prosodic repre-
sentation should additionally transfer to words sharing a prosodic
frame but with different vowels (e.g., backpack, picnic). We believe
this is highly likely, given the established transfer of adaptation
across vowels within monosyllables (Rochet-Capellan et al., 2012),
but it remains to be tested. Third, we examined only a single
(trochaic) metric frame. However, especially given the consistency
of the transfer results, there is no strong reason to assume that our
results cannot be generalized to other metrical frames (e.g., iambic
rather than trochaic feet) in English, as well as in other languages
with similar prosodic structures. However, establishing the uni-
versality of our results will require investigation into prosodic
features not present in English (e.g., Chinese lexical tone, Japanese
pitch accent); findings from such studies will bring important in-
sights regarding the independence of prosodic representation across
languages.

ZENG, PARRELL, AND NIZIOLEK

Conclusion

Using speech sensorimotor adaptation, we confirmed that speakers
could adapt to opposing formant perturbations applied to the two
syllables of bedhead. The learned adaptation showed the largest
transfer when the trained syllables remained in their original
prosodic position (e.g., bedspread), indicating that transfer was
enabled by segments and prosody. Crucially, adaptation transferred
partially to disyllabic words with the same prosodic structure but
novel syllables (e.g., breastfed), suggesting the presence of an
independent representation of a word-level prosodic frame. By
revealing straightforward behavioral evidence for an independent
word-level prosodic representation in speech production for the first
time, our findings have important implications for models of speech
production, especially regarding the relationship between segmental
and prosodic planning. At the minimum, prosody should not be
considered secondary to segments, as has been claimed based on
previous studies that have failed to elicit priming based only on
prosodic structure. More generally, this study showcases how
speech sensorimotor adaptation can provide a highly sensitive
behavioral measure that may be useful for uncovering effects in
psycholinguistic planning that are difficult to detect with other
more standard procedures.
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