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a b s t r a c t

This study examines speakers’ reaction to focally applied temporal real-time auditory feedback perturbation in a

word-initial unstressed syllable (Unstressed condition) and a similar word-medial stressed syllable (Stressed con-

dition) in a three-syllabic word. Speakers compensate locally in both conditions for the perturbed syllable’s nucleus
(V; compressed by the perturbation) but not for the complex onsets (CC; stretched by the perturbation). The per-

turbation of the first, unstressed syllable causes a global slowing down of all segments following the perturbation

(syllable two and three), while the perturbation in the Stressed condition elicits local adjustments only in the per-

turbed (second) syllable. When viewed in a larger prosodic context, the timing strategy in the Unstressed condition

indicates that speakers aim to keep relative durations within the word constant when the word-initial onset is audi-

torily stretched, leading to a compensatory pattern for both CC and V in word-proportional durations. In the

Stressed condition, increasing the stressed vowel’s duration seems to be of the highest priority, causing all other

segments to take up a shorter portion within the word. Adaptation effects of the stressed vowel indicate a dura-

tional representation on the segment level. Further adaptation effects additionally suggest a representation of tim-

ing/coordination in larger prosodic units. Complementary investigation of aperiodicity, spectral skewness, and

intensity (RMS) indicates that spectral properties can change along with compensatorily increased duration.

� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Speech production requires a precise interplay of feedfor-
ward and sensory feedback mechanisms. Perturbations of
auditory feedback examine this interplay by manipulating
acoustic parameters of a spoken sequence online. In many
auditory feedback perturbation studies, speakers produce an
isolated vowel, a word, or a phrase while one or more spectral
parameters in their auditory feedback are altered in real-time.
The initial study by Houde and Jordan (1998, 2002), for exam-
ple, raised the first formant (F1) frequency in productions of
“pep” (/pep/), leading to percepts that sounded like “pap”
(/pap/) to the speaker. Consequently, speakers started to com-
pensate for the received feedback mismatch by lowering F1,
leading to productions closer to “pip” (/pɪp/). A manifold body
of research has shown that speakers compensate for shifts
in the spectral domain. The current study aims at adding to
our understanding of the contribution of auditory feedback to
timing mechanisms in planning and monitoring fluent speech
by perturbing speech timing in real-time.

Spectral perturbations have shown that speakers integrate
auditory feedback at the control and planning levels, whereby
these two levels are typically targeted with different experimen-
tal paradigms. In unexpected perturbations of random trials,
reactions emerged in the perturbed trial with a latency of
�120–200 ms after perturbation onset, indicating online com-
pensation in online/moment-to-moment control of the ongoing
speech sequence (Burnett, Freedland, Larson & Hain, 1998;
Niziolek & Guenther, 2013; Purcell & Munhall, 2006b;
Tourville, Reilly & Guenther, 2008; Xu, Larson, Bauer & Hain,
2004). However, not every online reaction is compensatory.
An online response that is not necessarily compensatory in
direction, and/or might not occur directly at the perturbation site
itself, will be referred to as reactive feedback control. Consis-
tently applied perturbations over many adjacent trials, on the
other hand, can cause speakers to adjust following produc-
tions of the perturbed segment. Adjustments in future unper-
turbed productions indicate an update of motor
representations at the planning level (adaptation) (Houde &
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Jordan, 1998; Mitsuya, MacDonald, Purcell & Munhall, 2011;
Purcell & Munhall, 2006a).

In alterations of formant frequencies, shifts mainly targeted
isolated vowels or vowels embedded in monosyllabic real-
words (Houde & Jordan, 1998, 2002; Mitsuya et al., 2011;
Villacorta, Perkell & Guenther, 2007). Consequently, perturba-
tions of vowels in monosyllabic words give insight into the
nucleus' control and representation in stressed syllables. Only
a few studies perturbed the center of gravity (COG) of fricatives
in monosyllabic words with the finding that speakers also com-
pensate in onset (Shiller, Sato, Gracco & Baum, 2009) and
coda (Klein, Brunner & Hoole, 2019) position. Beyond that,
very little is known about how prosodic structures such as
syllable-, word-, or phrase-complexity shape the control and
representation of sounds in higher prosodic units. One study
by Lametti, Smith, Watkins, and Shiller (2018) examined sen-
sorimotor learning during formant perturbations in entire sen-
tences. They found adaptation in the context of the perturbed
sentence and transferred adaptation in future productions of
single words, indicating a shared representation for vowels in
single-word representation and higher prosodic organization.

The recent study by Bakst and Niziolek (2021) brought pro-
sodic factors more into focus by investigating responses to
shifted F1 in words with different stress patterns. Their para-
digm not only studied the interplay of stress pattern and sylla-
ble position but also explored the target specification of schwa.
Characteristically, schwa is highly variable in its spectral shape
cross-linguistically (e.g., for English: Fowler, 1981; for Dutch:
Koopmans-van Beinum, 1994), mainly due to coarticulation.
For this reason, schwa's phonetic representation may be
rather unspecified and its realization highly assimilatory.
Bakst and Niziolek (2021) increased and decreased F1 in di-
syllabic words to test whether schwa has a specified target
and whether compensation and adaptation emerge in stressed
and unstressed syllables in the first or second position of the
word. Their subjects compensated and adapted for the applied
shifts in stressed and unstressed syllables, including
unstressed syllables with schwa. However, reactions sug-
gested a complex interplay between shift direction, syllable
position, and stress pattern.

Besides the studies by Lametti et al. (2018) and Bakst and
Niziolek (2021), prosodic factors such as stress, accent, and
syllable position have not been investigated much in spectral
auditory feedback alterations and were therefore not consid-
ered as potentially shaping the control or representation of
spectral properties of speech. However, prosodic structures
are considered highly influential for shaping the control and
representation of other aspects of natural speech, such as
speech timing and suprasegmental cues.

Therefore, prosodic structures such as stress pattern expe-
rienced more attention in manipulations of suprasegmental
properties of speech . The study by Natke and Kalveram
(2001), for example, shifted the fundamental frequency (f0)
of an entire multi-syllabic non-word down in random trials test-
ing for an effect of lexical stress pattern. Their subjects uttered
the non-word /tatatas/ either with stress on the first syllable
(/'ta:tatas/) or with stress on the second syllable (/ta'ta:tas/).
Subjects responded to the shift in the first syllable only when
it was long and stressed but not when it was short and
unstressed. In the second syllable, effects were significant
independently of whether it was long and stressed or short
and unstressed. However, the results do not support a straight-
forward conclusion about compensation in stressed vs.
unstressed syllables: With a general reaction latency to unex-
pected perturbations typically between �120 and 200 ms after
perturbation onset, real-time responses to the shifted f0 should
not be expected in short syllables with a mean vowel duration
of 125 ms (as reported in Natke and Kalveram (2001)) follow-
ing an unvoiced plosive.

Another set of studies by Patel and collaborators investi-
gated the exchangeability of emphatic stress cues when one
of them is altered. They shifted f0 in a stressed syllable up or
down (Patel, Niziolek, Reilly & Guenther, 2011) or manipulated
the intensity of a stressed syllable bidirectionally (Patel, Reilly,
Archibald, Cai & Guenther, 2015) and found increased inten-
sity along with compensation with f0 in their first study, but
purely compensation with intensity to perturbed intensity in
their later study. These studies indicate that speakers adjust
prosodic properties of speech in the face of a perturbation
and that some of these parameters interdepend, albeit not
straightforwardly.

Stress and syllable position seem to affect reactions to
spectral alterations in a complex way. But how about cues that
are both segmental and suprasegmental, such as duration?
How does stress pattern impact timing mechanisms in speech
when the auditory feedback is temporally altered? Prosodic
structures such as syllable position, stress or accent, and pro-
sodic boundaries strongly influence temporal properties of
sounds and their gestural coordination (Bombien,
Mooshammer & Hoole, 2013; Bombien, Mooshammer, Hoole
& Kühnert, 2010; Browman & Goldstein, 2000; Byrd, 1996;
Byrd & Choi, 2010; Byrd & Saltzman, 2003; Cho & Keating,
2009; Goldstein, Nam, Saltzman & Chitoran, 2009; Goldstein
& Pouplier, 2014; Nam, Goldstein & Saltzman, 2009).

Recent research has shown that when temporal properties
of speech, e.g., sound duration, are altered, speakers compen-
sate and adapt much as they adapt for spectral shifts. The
study by Mitsuya, MacDonald, and Munhall (2014), for exam-
ple, altered the voice onset time of the word-initial plosive in
a word of the minimal pair “dipper/tipper” by feeding back pre-
recorded tokens of the other word. They found their subjects to
compensate and adapt for VOT, although the manipulation did
not target the signal online. Floegel, Fuchs, and Kell (2020)
stretched final consonants in a word in real-time and observed
compensatory shortening while testing the contribution of both
cerebral hemispheres for the processing of temporal vs. spec-
tral auditory information. In our previous temporal real-time
perturbation study (Oschkinat & Hoole, 2020), we showed that
reactions to temporal real-time auditory feedback perturbation
depend on position-in-syllable. The data showed compensa-
tion and adaptation to perturbed nucleus and perturbed coda
durations in a syllable, but no compensation to the perturbed
onset in utterance-embedded real-words. We concluded sylla-
ble structure to be an influencing factor, with onsets being tem-
porally less malleable due to their assumed greater articulatory
stability (Browman & Goldstein, 2000; Byrd, 1996; Goldstein &
Pouplier, 2014). The results further suggested that auditory
feedback might be used to a greater extent for monitoring
and controlling timing of the nucleus and coda than of onsets,
since the temporal extent for appropriate syllable timing can be
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estimated from the already perceived onset duration. These
findings were recently endorsed by Karlin, Naber, and Parrell
(2021) who stretched the onset consonants in “zapper”,
“sapper”, and “gapper” and compressed the following vowel.
Their speakers did not change the durations of the onset
consonants, but compensated and adapted for the following
vowel (and adjusted the following consonant /p/). However,
by examining the initial consonant duration as a proportion of
the perturbed syllable, response patterns indicated opposing
reactions to both the initial consonant and the vowel (Karlin
et al., 2021), leading to the conclusion that speech timing might
rather control for temporal relationships of segments within a
higher prosodic unit than absolute durations (Karlin et al.,
2021; Oschkinat & Hoole, 2020).

While prosodic effects such as syllable structure might not
be a primary subject of interest in spectral feedback alter-
ations, they clearly cannot be disregarded when examining
the temporal organization of fluent speech. The findings of
Oschkinat and Hoole (2020) and Karlin et al. (2021) added
substantially to the scarce body of research on the contribution
of auditory feedback to the temporal planning and control of
fluent speech. To better understand the influence of prosodic
factors on the online control and representation of speech tim-
ing, the current study examines the role of lexical stress on the
temporal organization of fluent speech when speech timing is
perturbed. With the current study, we expect focally applied
temporal auditory feedback perturbation to shed light on the
stability of prosodically determined timing relations and on
the extent to which they diverge when speakers compensate.

Syllable structure affects the temporal coordination of ges-
tures on the syllable level. Word stress, in contrast, is lexically
anchored and rather affects durations of sounds on the word
level. In an unstressed/stressed contrast, stressed syllables
are longer than unstressed syllables in many languages
(e.g., in Catalan: Astruc & Prieto, 2006; in Austrian German:
El Zarka, Schuppler, Lozo, Eibler & Wurzwallner, 2015; in Ger-
man: Jessen, 1993; Jessen, Marasek, Schneider & Claßen,
1995; in English: Kochanski, Grabe, Coleman & Rosner,
2005; in Dutch: Sluijter & van Heuven, 1996; Sluijter, van
Heuven & Pacilly, 1997). In German, vowels in unstressed syl-
lables are only phonetically reduced but do not experience
phonological neutralization, as seen in other languages such
as English (Mooshammer & Geng, 2008). This certainly high-
lights duration as the most prominent marker for stress to dis-
tinguish vowels of the same category in a direct stressed/
unstressed comparison context. The stressed syllable of a
word can moreover carry an accent in larger prosodic contexts.
Accordingly, stress and accent are terms that have been used
to distinguish two realizations of emphasis anchored on differ-
ent prosodic levels. A large body of research has examined the
most prominent attributes of stress and accent in production
and for perception.

In many cases word stress not only affects duration but also
spectral properties of sounds. Along with duration, an increase
in overall intensity marks stress as a perceptual cue (Fry, 1955,
1958), with increased intensity in the higher harmonics of
stressed syllables (Sluijter & van Heuven, 1996; Sluijter
et al., 1997). This effect, however, might not be uniquely attri-
butable to word stress, but might also be found in accented
sequences or, more generally speaking, in emphasized
sequences due to general more substantial vocal effort (see,
e.g., Campbell & Beckman, 1997 for the interplay of accent
and stress in English; and El Zarka et al., 2015 for Austrian
German). Perception experiments suggested that syllables
with higher pitch are more likely to be perceived as stressed
(independent of the magnitude of the pitch difference) (e.g.,
Fry, 1958). Later studies considered pitch markings as a corre-
late of accent rather than an effect of word stress (e.g.,
Beckman & Edwards, 1994; Sluijter & van Heuven, 1996;
Sluijter et al., 1997) or of general prominence (El Zarka
et al., 2015). Kochanski et al. (2005) did not find f0 a reliable
marker of prominence in production (unlike duration and loud-
ness) and drew the conclusion that speakers (of British Eng-
lish) do not necessarily use pitch to mark prominence in a
signal. Some cues interdepend; for example, duration and
loudness are assumed to be processed as a unit but
with a dominance of duration over loudness (Turk &
Sawusch, 1996).

Most studies on stress perception evaluated the perceptual
cues of stress by manipulating one or more speech signal
parameters offline and presenting them to naïvelisteners.
Accordingly, the speaker and the listener were mostly two dif-
ferent persons, and the presentation of prerecorded tokens
decoupled production and perception temporally and intention-
ally. With the perturbation paradigm of the current study, the
speaker is also the listener, and the signal is manipulated in
real-time. This approach factors out some aspects that influ-
ence the production of prominence, such as predictability
(Turk & Shattuck-Hufnagel, 2014) and investigates cues of
stress in a barely investigated processing situation. Saying
this, the modality and time course of the response is different
than in previous studies: the online monitoring of stress in
self-generated speech might require other mechanisms than
explicit judgments. Reactions to the manipulation are expected
to indicate which cues speakers primarily use to implement
stress when decoding information plays a minor role.

In the current study, we manipulate CCV syllables with
almost identical make-up (/tʃe/) in two different prosodic con-
texts but similar phonological contexts. Currently, there is still
very little known about the reaction patterns of different sounds
to focal real-time temporal auditory feedback perturbation.
However, our previous investigation (Oschkinat & Hoole,
2020) showed that syllable structure as a prosodic condition
shapes the responses. For this reason, the segments and their
position within the syllable as well as the lexical item were kept
constant in the current study by choosing one word that pro-
vides one stressed and one unstressed syllable with similar
sounds in both syllables. Both syllables belong to the same
German word “Tschetschenen” (/tʃe'tʃeːnən/, Chechens) spo-
ken after the carrier word “besser” (besɐ, better). In “Tschetsch-
enen”, the first syllable is unstressed, and the second syllable
is stressed. The stressed syllable will also always be the
accented syllable due to the fixed target sentence, strictly
speaking confounding stress and accent as done in previous
studies (see e.g., Bombien et al., 2010). However, the results
will be discussed primarily with respect to the word’s stress
pattern and secondarily will be interpreted with respect to the
presence of a nuclear accent on the stressed syllable. Unlike
previous perturbation studies that considered stress pattern
as influential for responses (e.g., Natke & Kalveram, 2001),
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alterations will not be globally applied to the utterance but
locally to the segments of interest.

The CC onset segment /tʃ/ will be stretched and the follow-
ing vowel /e/ compressed with real-time auditory feedback
manipulation in either the stressed or the unstressed syllable.
Similarly to the majority of responses to spectral shifts and
recent findings of temporal real-time alterations (Floegel
et al., 2020; Karlin et al., 2021; Oschkinat & Hoole, 2020),
we assume speakers compensate for the compression of the
vowel in the auditory feedback by lengthening the perturbed
vowel in production in both perturbation conditions. Since the
compression of the vowel in the stressed syllable weakens
the lexical stress pattern, we expect articulatory adjustments
of a greater extent to the perturbation of the stressed syllable
than to the perturbation of the unstressed syllable to maintain
the realization of the desired word stress.

Based on the findings of our previous study (Oschkinat &
Hoole, 2020), we do not expect significant temporal adjust-
ments to the stretched onset as a whole unit in either the
stressed or unstressed syllable but do not rule out possible
temporal adjustments of the single consonants C1 and C2.
Although /tʃ/ is frequently discussed as a phonemic unit (af-
fricate) rather than a combination of two single phonemes
(cluster) (see Wiese, 2000, pp. 13-15 for discussion), our pre-
vious research has shown that in an onset with more than one
consonant both single consonants can show tendencies of dif-
ferent temporal adjustments under perturbed auditory feed-
back (Oschkinat & Hoole, 2020). Therefore, /tʃ/ will be
analyzed on the one hand as one segment, but also, with
regard to its phonetic realization, divided into its single compo-
nents. In fact, the response pattern to perturbation of onset tim-
ing can potentially contribute to the discussion on whether /tʃ/
should be treated as mono-phonemic or as two different
phonemes.

To date, very little is known about the prosodic level at which
temporal properties of speech are stored and planned. For
example, the Articulatory Phonology/Task-Dynamics frame-
work provides a plan for temporal coordination of gestures
determined by prosodic aspects of fluent speech. Still, it
remains unclear to what degree temporal information unfolds
only in the coproduction of gestures, or whether single seg-
ments of speech such as sounds carry a temporal
representation.

Our previous study (Oschkinat & Hoole, 2020) suggested
that speech timing is moreover monitored and potentially
updated via auditory feedback. The contribution of auditory
feedback for timing mechanisms is not elaborated in the
Task-Dynamics framework (see Turk & Shattuck-Hufnagel,
2014, for discussion) but was considered essential for planning
and controlling (spectral) speech output in the Directions-into-
velocities-of-articulators (DIVA) model (Guenther, Ghosh, &
Tourville, 2006; Tourville & Guenther, 2011).

To gain insight into the representation of temporal properties
and the contribution of auditory feedback for their control, the
analyses will look into absolute sound/segment durations (in
ms) (section 3.1), sound/segment durations on the syllable
level relative to the applied perturbation (section 3.2), and
sound/segment durations on the word level (normalized by
word duration) (section 3.3). The investigation on the syllable
level will comprise the whole perturbed sequence and allows
for a conclusion about the reaction relative to the amount of
perturbation. Thereby, a direct comparison between the per-
turbed stressed and the perturbed unstressed syllable is pos-
sible. The analyses of reaction patterns on sound, syllable,
and word levels can be expected to shed light on the represen-
tation of duration on the sound level or as the result of higher
unit prosodic temporal organization (fluent speech). In so
doing, this study can contribute to the current discussion on
which aspects are essential for comprehensively modeling
speech production.

Along with adjustments in temporal control it is possible that
other spectral parameters of the signal change as well. Pro-
duction changes in non-temporal parameters during the tem-
poral perturbation could either be indicative of physiological
or psychoacoustical interdependence of one parameter with
another (e.g., loudness changes along with changes in dura-
tion), or they could counteract the durational perturbation in-
stead of temporal adjustments indicating a trade-off of cues.
For present purposes, the intensity of the signal for the nucleus
and the fricative of the perturbed syllable will be examined.
Further, as a measure of change in the general spectral distri-
bution, we observe the spectral skewness of the vowel and the
fricative in the perturbed syllable. For the vowel, aperiodicity
will additionally be examined (section 3.4). Additional analyses
of f0 were considered for this study. Such analyses, however,
should be sensitive to the intonation pattern speakers pro-
duced. While in our study most of the speakers produced a
downstepped H* tone on the stressed syllable (a falling intona-
tion pattern), a rising pattern was observed in some speakers
or some trials of speakers who mostly produced a falling pat-
tern. Since the non-temporal parameters are potentially rele-
vant to our understanding of interdependencies between
stress cues but nonetheless should not distract from the key
durational analyses, we do not assess changes in f0 in the per-
turbed sequences here. Moreover, we do not have a straight-
forward hypothesis about how f0 would change in production
and further cannot neatly attribute changes in f0 to lexical
stress.

For the examined parameters intensity, skewness, and ape-
riodicity, we assume that production differences would com-
prise greater intensity and less aperiodicity in the vowel as a
result of greater emphasis on a vowel that is compressed in
the auditory feedback. Further, we assume that a more empha-
sized vowel is related to greater vocal effort which leads to a
more strongly asymmetrical glottal pulse with a shortened clos-
ing phase. This, in turn, would generate a less positive skew-
ness (greater intensity in higher frequencies) in the perturbed
vowel (Sluijter & van Heuven, 1996). We have no direct
hypothesis for the changes in intensity or skewness of the per-
turbed fricative, as we have no clear hypothesis of how the
fricative might behave in temporal terms. It still might be the
case that skewness and intensity change along with or arise
instead of duration changes as a direct reaction to the applied
perturbation. Alternatively, skewness and intensity could be
affected by the realization of the following vowel. For this
instance, the fricative will additionally be inspected as an
exploratory investigation.

The data of the current study reveal speakers' sensitivity to
temporal perturbation of a stressed and an unstressed syllable
and the influence of auditory feedback on realizing prosodically
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determined timing. The examination of duration of different pro-
sodic units is expected to give insight into the units of control
and the representation of duration as sound specific or as a
result of higher prosodic unit organization. This approach,
moreover, allows for drawing conclusions about whether simi-
lar stressed and unstressed syllables share the same strate-
gies in realizing the intended timing. While duration as the
perturbed parameter is the focus of interest, the additional
analyses of other spectral parameters give insight into the
interdependence and flexibility of different stress markers in
production.
2. Methods

2.1. Subjects and setup

Forty-five monolingual German-speaking adults from the
Munich area participated in two experimental conditions. None
of them claimed to have any speech or hearing disorders, and
all of them were between 18 and 29 years of age (mean age
23.5 y). For the procedure, the experimenter provided the sub-
ject with E-A-RToneTM 3A in-ear earphones with foam ear tips
for perturbed auditory feedback and a Sennheiser H74 head-
set microphone placed 3 cm from the corner of the mouth.
The E-A-RLINK foam ear tips are compressed prior to testing
and inserted into the ear canal where they decompress and fill
the canal. Thereby, they ensure that the manipulated feedback
rather than airborne sound is predominantly perceived and
minimize the increase at low frequencies of bone-conducted
sound that occurs when the ear canal is blocked (occlusion
effect, see e.g. Carillo, Doutres, and Sgard (2020)). The exper-
iment was conducted in MATLAB (The MathWorks Inc., 2012)
using the AUDAPTER software package of Cai, Boucek,
Ghosh, Guenther, and Perkell (2008). Initially developed for
formant manipulations in utterances with continuous voicing,
more recent versions allow for delay shifts, time warping, and
pitch shifts in fluent speech (Cai, Ghosh, Guenther & Perkell,
2011; Tourville, Cai & Guenther, 2013). With a maximum delay
of unnoticeable 25 ms between spoken signal and received
(perturbed) feedback, speakers are mostly unaware that the
acoustics of their auditory feedback were manipulated. Sub-
jects received financial compensation for their participation.
2.2. Procedure

In both perturbation conditions, subjects produced the Ger-
man word “Tschetschenen” (/tʃe'tʃeːnən/, Chechens) after the
carrier word “besser” (/besɐ/, better). The phrase was lexically
presented in a box on a screen. The frame of the box turned
green when the recording started and red after 3 seconds sig-
naling the end of a trial. In the first experiment, perturbation tar-
geted the first unstressed syllable (/tʃe/) (Unstressed
condition), while in the second experiment, the perturbation
targeted the second stressed syllable (/'tʃeː/) (Stressed condi-
tion). In both perturbation conditions, the Onset CC (/tʃ/) of the
targeted syllable was stretched and the following vowel (/e/)
compressed in manipulation. The second syllable vowel /e:/
is longer than the vowel of the first syllable /e/ due to the stress
pattern. However, the unstressed vowel is not expected to
reduce massively towards another vowel quality, unlike the sit-
uation in other languages, such as English (see Appendix A for
an overview of produced formants). In each condition, subjects
were instructed to speak the phrase “besser Tschetschenen”
110 times resulting in 110 trials per experiment. Half of the sub-
jects started with the Unstressed condition; the other half
started with the Stressed condition. Prior to the experiment,
speakers were instructed to keep their speech rate as constant
as possible throughout the experiment.

The first 20 trials of the experiment served as a baseline
and provided authentic feedback. In 30 subsequent trials, the
perturbation increased gradually to maximum perturbation
(ramp phase), followed by another 30 trials with maximum per-
turbation (hold phase). For the last 30 trials, regular feedback
was restored, allowing for examining learning effects due to
the previously experienced persistent feedback alterations
(aftereffect phase).

While there is a vast body of research on delayed auditory
feedback, there are until today just a few studies that focally
altered auditory feedback in the temporal domain. Targeting
specific sounds in real-time with temporal manipulation faces
more significant challenges than spectral manipulations do
since the target of manipulation and its duration change when
speakers adjust their productions. One of the challenges is the
need to stretch and compress the signal by the same amount.
More precisely, if a section of the signal is only stretched, then
the part after this section would be overall delayed by the
amount of stretching. Exclusively compression, or compres-
sion before stretching is technically not possible, because in
this case the signal that should serve as feedback after com-
pression has not been produced yet. With stretching and com-
pressing the signal (in this order) each by the same amount,
the compression serves as a reversion of the signal to real-
time after stretching.

In our implementation, the perturbation always targets the
whole syllable by stretching the first part and compressing
the second part. In the hold phase with maximum perturbation,
perturbation stretched the first half to 1.8 times the input dura-
tion and compressed the second half to 0.2 times the input
duration, which leads to a constant duration of the whole per-
turbation section (for visualization see Fig. 1). Specifically,
the present experiment used the time-warping functionality of
Audapter, which is based in turn on a phase-vocoder
approach. Each input frame is Fourier-transformed into the
spectral domain. The frequency and phase representation is
interpolated appropriately such that after inverse Fourier trans-
formation back to the time domain the resulting time signal has
the desired amount of stretching or compression (see Tourville
et al., 2013 for details).

The main focus of manipulation was to target the vowel
appropriately with the perturbation. Therefore, the second half
of the perturbation section comprised the vowel of the syllable
of interest (syllable one or syllable two) to ensure compression.
Accordingly, the first half covered the preceding C1 and C2
segments which were stretched. Spectrograms of the manipu-
lation in both conditions are provided in Fig. 1. Depending on
vowel duration, however, C1 and C2 were not always entirely
covered by the first half of the perturbation section. In the
Unstressed condition the vowel was shorter and therefore
more difficult to target precisely in perturbation. In some cases,
the following CC segment of the second syllable was partially



Fig. 1. Spectrograms of a baseline and a hold phase trial of a male subject for each condition. The Unstressed condition (perturbation of syllable 1) in the upper plot (A), and the
Stressed condition (perturbation of syllable 2) in the lower plot (B). The upper panels per plot show the spoken signal of one baseline trial (B1) and a Hold phase trial (H1), and the lower
panels show a (*simulated) maximum perturbation of the same trial in the baseline (B2*) and Hold phase (H2), resepctively. The simulation of the perturbation in the baseline visualizes
the perturbation of a trial that is not already produced with articulatory adjustments to the perturbation and gives a “clean” indication of full perturbation. Segments of interest and their
durations shown above/below the spectrograms. The perturbed segments are marked in grey ([t] and [ʃ] in lighter grey, the vowel in darker grey). Below the targeted segments the
perturbation section for the respective trial is shown. The green part marks the first half of the perturbation section covering the signal that is stretched in perturbation, the blue part
marks the second half of the perturbation section that is compressed in perturbation. Note that the perturbed signal (B2*, H2) includes the Audapter delay of 24 ms.
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covered by the perturbation section, thus experiencing some
shortening (see Figure 2 upper panels).
2.3. Pretest and online status tracking (OST)

Before the actual testing session of a perturbation condition
started, the subject underwent a pretest per perturbation con-
dition. The pretest consisted of 10 to 20 tokens of the baseline
condition (no perturbation), depending on how fast the subject
established a consistent speech style and felt comfortable.
Speakers were instructed to speak naturally but as constantly
as possible without any intended variation in speaking style.
This pretest served to get the subject used to the procedure
and subsequently measure the mean vowel duration of the last
10 stable productions. Twice the mean vowel duration served
as an individual duration of the perturbation section. The sec-
ond half of that section covered the vowel and the first half the
preceding signal.

To target the part of the signal that should be altered,
audapter comes with an online status tracking (OST), which
evaluates the status of the spoken signal based on predeter-
mined thresholds for the RMS or the pre-emphasized RMS
of the amplitude. Thresholds have to be determined according
to the spoken sequence. For example, vowels can be detected
by defining high thresholds in the RMS of the amplitude, frica-
tives can be detected by determining thresholds of the pre-
emphasized RMS curve of the signal. For the purposes of
the current study, the carrier word “besser” was chosen as it
provides vowels and fricatives that are well detectable by
audapter’s online status tracking. For the manipulation of the
first syllable (/tʃe/), the OST thresholds were adjusted to fit
the word “besser” (/besɐ/), with the onset of the second vowel
in “besser” (/ɐ/) as the last detected OST state. For each
speaker, an individual duration (elapsed time) was imple-
mented measured from this last detected OSTstate to the start
of the closure in [t]. For targeting the second syllable (/'tʃeː/),
the automated OST triggered until the onset of the vowel /e/
in the first syllable of “Tschetschenen” (/tʃe/), and from that
point to the start of the closure of the second [t] an individual
duration (elapsed time) was measured. The experimenter
implemented the individual perturbation section's duration
and the elapsed time duration into each subject's test proce-
dure per perturbation condition before the test started.
2.4. Data exclusion

For precise perturbation of the intended sequences, well-
functioning OST-tracking is crucial, as well as the implementa-
tion of the elapsed time duration and the duration of the pertur-
bation section in our paradigm. However, this implementation
did not lead to the intended perturbation when subjects chan-
ged their productions in some unexpected way or showed very
high variability between trials. For those reasons, some sub-
jects had to be excluded from further calculations.

One reason for exclusion, especially in perturbation of the
first syllable, was the insertion of a pause between the two
words of the utterance, which resulted in a poor fit of the per-
turbation section or even caused the whole perturbation sec-
tion to lie within that pause (which could indicate an avoiding
strategy). Further, some subjects strongly lengthened the
onset CC in production, which caused the /e/ to lie outside
the perturbation section. The latter points to one special case
we do not capture with the data of the current study: Extensive
lengthening of the CC segment in production causes the vowel
(especially in the Unstressed condition) to lie outside the area
of perturbation, which leads to the exclusion of those subjects.
However, only two subjects strongly lengthened CC (or one of
the two consonants) in a way that led to exclusion. An example
of a bad fit of the perturbation section because of intensive
onset lengthening in production can be found in Appendix B.

An automated Matlab script identified and removed trials in
the ramp and hold phase where the vowel did not lie within the
second half of the perturbation section for each of the perturba-
tion conditions. If a subject had less than 16 acceptable trials in
both the ramp and hold phase, the whole subject was removed
from calculations of that condition.

One other subject was excluded because of a very slow and
unnatural speaking style in both perturbation conditions.
Another subject was removed due to the incorrect realization
of the stress pattern (stress on the first syllable). Two more
subjects had to be excluded as they probably showed
perturbation-related reactions that were, however, not evalu-
able as such with the following statistical methods. One of
them started to stress the first (unstressed) syllable during
the Unstressed condition in the hold phase and continued with
that stress pattern for the rest of the experiment, including the
second (Stressed) perturbation condition. Another subject
started to show stuttering-like symptoms by frequently repeat-
ing the third syllable in perturbed trials (“Tschetschenenen”). In
total, 14 subjects qualified themselves as outliers based on the
reasons stated above in the Unstressed condition (syllable 1),
and four subjects in the Stressed condition (syllable 2). Since
this resulted in a very unbalanced dataset of subjects between
the perturbation conditions, we decided to include only sub-
jects with data in both perturbation conditions into all following
calculations, resulting in 30 subjects per perturbation condition.
3. Analyses and results

All segment durations of the target word “Tschetschenen”
were hand-segmented by research assistants (naïve to the
purpose of the experiment) in praat. The following analyses will
be performed on parameters extracted from these segment-
sized acoustic intervals.

Data handling and analyses were performed in R (version
4.1.0), mainly using packages of the tidyverse for data wran-
gling and visualization (v1.3.1, Wickham et al., 2019). The
main analyses follow the study's primary aim, which is to deter-
mine the extent of temporal adjustments as a reaction to tem-
poral real-time perturbation. Therefore, different prosodic units
will be the focus of the analyses to shed light on timing mech-
anisms and their prosodic unit of control and representation.
First, temporal adjustments at the perturbation site and in
unperturbed segments within the target word will be examined
on the sound/segment level by looking into single segment
durations (section 3.1). After that, the perturbed sequence
(CC and V) will be investigated as a whole on the syllable level
with respect to the applied perturbation (section 3.2). Finally,
perturbed and unperturbed segments within the target word
will be examined on the word level by looking into word-
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proportional duration changes between the perturbation
phases (section 3.3). Sections 3.1 and 3.3 will follow similar
analytical strategies by examining temporal adjustments dur-
ing maximum perturbation in the hold phase and then assess-
ing continuing temporal adjustments when the perturbation is
removed in the aftereffect phase. By analyzing both the hold
and the aftereffect phase, we can draw conclusions about
the nature of reactions, i.e., to what extent they reflect online
control of ongoing speech movements (e.g., online compensa-
tion or reactive feedback control) on the one hand versus
updates of motor commands for further productions (adapta-
tion) on the other. Section 3.2 follows a different approach:
The analysis on the syllable level assesses the reaction mag-
nitude relative to the applied perturbation in the whole pertur-
bation section (CC and V) and therefore allows to compare
the Stressed with the Unstressed condition subsequently.
The division of analyses into segment, syllable, and word level
is expected to crucially contribute to our understanding of the
temporal frame in which timing mechanisms in fluent speech
are controlled and represented. For clarity, the durational
changes in perturbation will always be referred to as stretched
or compressed, while durational changes in speakers’ produc-
tion will be termed lengthened or shortened.

The uttered word's stress pattern is affected by the manip-
ulation of duration (assumed to be the most important cue to
stress). Especially in the Stressed condition, the compression
of the vowel weakens the stress pattern in perception. There-
fore, as a secondary aim, the interdependence of non-temporal
stress markers will be examined by analyzing intensity (root-
mean-square (RMS) amplitude) and spectral skewness for
the vowel and the fricative, as well as the aperiodicity of the
vowel. Consideration of these additional aspects is expected
to add substantially to the understanding of the interdepen-
dence of stress markers (and further spectral properties) in
German.
3.1. Temporal adjustments on the sound/segment level

The first nine baseline trials were discarded from further cal-
culations as done previously (Oschkinat & Hoole, 2020), to
avoid much variance in speaking style at the beginning of
the experiment and to ensure that the baseline mean is close
to the baseline value where perturbation starts in the ramp
phase. Over the last 11 trials of the baseline, a mean segment
duration per subject was calculated to serve as a reference for
productions with regular feedback, which is depicted as the
horizontal zero line in visual presentation (see, e.g., Fig. 2).
3.1.1. Reaction to maximum perturbation (hold phase)

For calculations of production differences between baseline
(no perturbation) and hold phase (maximum perturbation), two
linear mixed models were calculated using the packages
lme4 (v1.1-23; Bates, Maechler, Biolker & Walker, 2015) and
lmerTest (v3.1-3; Kuznetsova, Brockhoff & Christensen,
2017). The data was separated into two datasets and two
models to avoid retesting on sounds:

Dataset 1 incorporated the four segments CC and V of syl-
lable 1 and CC and V of syllable 2; dataset 2 included the five
segments C1 and C2 of syllable 1, C1 and C2 of syllable 2, and
syllable 3. Splitting up the data into two datasets/models
emerged from the circumstance that C1 and C2 should not
appear within the same model as CC since this would cause
a double-testing for the incorporated segments. Treating the
third syllable /nən/ as one segment mainly derived from the
reduction of the syllable to a single /n/ in some productions
within and across speakers.

Models were gradually incremented to best fit the variance
of the data without failure of convergence. Durations were
modeled as the dependent variable with phase (baseline and
hold phase), segment as a concatenation of segment and syl-
lable (e.g., CC syllable 1), and condition (Stressed vs.
Unstressed) as predictors with a three-way interaction
between phase, segment, and condition. With the MuMIn
package, that provides tools for performing model selection
and model averaging (v1.43.17; Bartoń, 2020), the random
effects structure was built by calculating the explained vari-
ance of the model with the fixed factors (marginal pseudo-R-
squared) and the variance explained by the model additionally
including the random effects (conditional pseudo-R-squared).
Intercepts and slopes for phase, segment, condition, and trial
were considered as random effects of the full model. Based
on the pseudo-R-squared estimation and limits of conver-
gence, intercept and a by-subject slope for phase were finally
included into the model. Backward modeling with lmerTest's
step function confirmed the following model architecture (R
notation), using the lmer function from the lmerTest package
as estimation command:

formula = duration � phase * segment * condition

þðphasejSubjectÞ;data ¼ dataset1=2:

The three-way interaction reflects the design of the experi-
ment precisely. Since we applied perturbation only in the hold
phase and not in the baseline, and only to particular segments
varying by perturbation condition, we expect highly significant
interactions between the three predictors. However, for the
purposes of the study and based on our hypotheses, we will
present the differences in baseline vs. hold phase per segment
and per condition in detail in the following; the summary of the
interactions is to be found in Appendix C. For the second
model (incorporating C1, C2, and syllable 3), backwards-
modeling dropped the three-way interaction (see Appendix
C, Table 3.4).

Post-hoc pairwise comparisons on significant effects
between hold phase and baseline per segment and condition
were performed using the emmeans package (v1.4.8; Lenth,
Singman, Love, Buerkner & Herve, 2018), which computes
estimated marginal means (EMMs) for the factors in the linear
mixed model and comparisons or contrasts among them. The
alpha-level of significance for the following model interpreta-
tions was divided by two as we retested for effects with two
models (alpha = 0.025). The next section presents the
changes in production by reporting the estimates provided by
emmeans' pairwise comparisons sorted by perturbation condi-
tion. Along with the estimates (difference between hold phase
and baseline in ms), the amount of change between the two
phases in percent per segment will be reported (ratio in %).
Positive estimates/ratios indicate greater durations in the hold
phase relative to the baseline, while negative estimates/ratios
mark shorter hold phase productions relative to the baseline.
For better readability, the estimates/ratios along with the stan-



Fig. 2. Duration differences in ms relative to the baseline mean of the onset CC (/tʃ/, green) and the vowel (/e/, blue) in syllable 1 and 2 in the upper plot (A), and C1 ([t], orange) and C2
([ʃ], red) of both syllables as well as syllable 3 (black) in the lower plot (B) over the course of the experiment (30 subjects). Solid dots mark the spoken signal, transparent dots the
received perturbed auditory feedback. Unstressed condition in the upper panels per plot (perturbation of syllable 1), Stressed condition in the lower panels per plot (perturbation of
syllable 2).
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dard errors, degrees of freedom, t-ratios, and p-values are pre-
sented in Table 1.

For the first (perturbed) syllable in the Unstressed condition,
the pairwise comparison revealed no significant temporal
adjustment for CC (�1.7 ms/�0.95%) but significant compen-
satory lengthening for the vowel (12.0 ms/17.29%). In the sec-
ond non-perturbed syllable, both segments experienced
significant lengthening relative to baseline productions (CC:



Table 1
Overview of the statistical outcome for absolute durations of the emmeans’ pairwise comparisons for the two lmer models. A thick bold horizontal
line separates the two models (model 1: CC /tʃ/, V /e/; model 2: C1 [t] and C2 [ʃ], and syllable 3 /nən/). Calculations present the contrast hold phase
– baseline. Grey backgrounds mark segments where focal manipulation was applied. Significant p-values (alpha < 0.025) in bold. Syllable and
Segment appear in two different columns for providing a better overview. However, note that in the model calculation, Segment is always the
concatenation of Segment (e.g., CC) and Syllable (e.g. Syllable 1).
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9.8 ms/5.61%; V: 11.8 ms/7.39%). Splitting up CC into its com-
ponents, which are usually considered to be sub-segments
within an affricate, showed that C1 and C2 in syllable 1 behave
contrarily, whereby C1 shows a tendency for shortening
(�5.0 ms/�6.37%), and C2 a tendency for lengthening
(3.0 ms/3.33%). However, in the non-perturbed syllable 2, C1
showed a non-significant tendency for lengthening (C1:
2.6 ms/3.72%), while C2 and syllable three were significantly
lengthened (C2: 6.9 ms/6.58%; syllable 3: 14.1 ms/4.75%).

In the Stressed condition, the first non-perturbed syllable
showed no significant temporal adjustments during the hold
phase compared to baseline productions for either the conso-
nants or the vowel (CC: �3.3 ms/�1.97%; V: 1.8 ms/2.56%). In
the perturbed second syllable, no significant reaction was
found to CC perturbation (1.4 ms/0.78%), but substantial com-
pensation with significant lengthening of the vowel in produc-
tion (51.8 ms/31.88%). Splitting up the two onset consonants
into their components showed no significant temporal adjust-
ments in the non-perturbed first syllable (C1: �2.1 ms/�2.76
%; C2: �1.3 ms/�1.54%). In the second (perturbed) syllable
C1 was non-significantly shortened (�5.1 ms/�7.11%), and
C2 non-significantly lengthened (6.2 ms/5.74%) causing the
CC sequence as a whole to retain a stable duration throughout
the experiment. The third syllable experienced non-significant
lengthening (4.8 ms/1.59%) .
3.1.2. Adaptation – Evaluation of the aftereffect phase

General additive mixed models (GAMMs) were fitted to
assess the time (or trials) over which the articulatory adjust-
ments remained. GAMMs account for linear or non-linear rela-
tionships in the data by relying on parametric terms and
smooth terms. The smooth terms define the fitted curve's
shape by adding up basis functions to a more complex curve
until it fits the data properly. Unlike GAMs, the mixed design
incorporates random effects. Additionally to the random slope
and random intercept, a random smooth parameter enables
capturing by-group variation in non-linear effects (Sóskuthy,
2017; Wood, 2017).

With the R packages mgcv for fitting generalized additive
(mixed) models (Wood, 2011, 2017) and itsadug for evaluation,
interpretation, and visualization of GAMM models (van Rij,
Wieling, Baayen & van Rijn, 2017), two models were fitted from
the two datasets used for the linear mixed models: One data-
set included CC and V of both syllables and conditions, the
other C1 and C2 of both syllables and conditions and syllable
3. The analyses aim at visualizing the deviation of aftereffect
phase productions from the baseline productions. Therefore,
two curves were fitted per sound, syllable, and condition for
comparison: First, a linear curve with the mean baseline dura-
tion (incorporating the last 11 baseline trials) was calculated.
Secondly, the aftereffect productions were fitted. The baseline



80 85 90 95 100 105 110

−2
0

−1
0

0
10

20

Tsche (syll1)
D

ur
at

io
n 

re
. B

as
el

in
e 

(m
s)

CC
V

80 85 90 95 100 105 110

−2
0

−1
0

0
10

20

tsche (syll2)

CC
V

nen (syll 3)

80 85 90 95 100 105 110

−2
0

−1
0

0
10

20

Trial Number

D
ur

at
io

n 
re

. B
as

el
in

e 
(m

s)

C1
C2

80 85 90 95 100 105 110

−2
0

−1
0

0
10

20

Trial Number

C1
C2

80 85 90 95 100 105 110

−2
0

−1
0

0
10

20

Trial Number

syll 3

Aftereffect Phase Unstressed ConditionA

80 85 90 95 100 105 110

−2
0

−1
0

0
10

20

Tsche (syll1)

D
ur

at
io

n 
re

. B
as

el
in

e 
(m

s)

CC
V

80 85 90 95 100 105 110

−2
0

−1
0

0
10

20

tsche (syll2)

CC
V

nen (syll 3)

80 85 90 95 100 105 110

−2
0

−1
0

0
10

20

Trial Number

D
ur

at
io

n 
re

. B
as

el
in

e 
(m

s)

C1
C2

80 85 90 95 100 105 110

−2
0

−1
0

0
10

20

Trial Number

C1
C2

80 85 90 95 100 105 110

−2
0

−1
0

0
10

20

Trial Number

syll 3

Aftereffect Phase Stressed ConditionB

Fig. 3. GAMM fits of the aftereffect phase for absolute durations relative to the baseline mean (ms), including random effects and confidence intervals (97.5%). The Unstressed
condition visualized in the upper plot (A) and the Stressed condition in the lower plot (B) (30 subjects). The CC fits are shown in green and vowel fits are shown in blue. C1 in orange
and C2 in red. The section between two dotted vertical lines and thick horizontal lines marks the significant deviation from zero for each sound.
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curve was stretched to 30 trials to match the aftereffect's trial
numbers (trials 81 to 110). Subsequently, the difference
between the baseline and the aftereffect curves of the respec-
tive segment (sound per syllable per condition) was plotted to
identify regions of significant deviation (see Fig. 3).

The GAMMS were fitted to absolute durations with the fol-
lowing terms: The interaction between segment and perturba-
tion condition as a parametric term (average difference in
duration depending on segment and condition); a smooth term
over trial number (non-linear effect of trial number on duration)
by the interaction of segment and condition; and a factor
smooth which models the non-linear difference over trial num-
ber for each subject as random effect with penalty order m = 1
(to model inter-speaker variation). The primary purpose of the
calculated models was to visualize statistically significant reac-
tions over time rather than to report p-values. Statistical results
would, in effect, summarize the means of the aftereffect phase
and baseline. Since it is expected that reactions systematically
vary within the aftereffect phase, the main interest lies in the
point in time (trial number) up to which reactions diverge from
the baseline mean. Visualizations of the GAMM fit illustrate the
span of trials with significant effects for each segment of the
word (Fig. 3). Confidence intervals were set to 97.5% to
account for an adjusted significance level of alpha = 0.025.

The visualizations show that in the Unstressed condition
(Fig. 3.A), the vowel of syllable 1 does not differ from baseline
productions. The CC segment in syllable 1 was not compen-
satorily shortened in the hold phase, but durations shorten
from trial 91 until the end of the aftereffect phase. This is mainly
caused by the significant shortening of C1 (trial 93 to 110)
while C2 remains constant. The vowel in syllable 2 (the unper-
turbed syllable) diverges from baseline durations from trial 84
to 101. No change is seen for CC (and either C1 or C2). The
third syllable, however, is significantly longer than the baseline
from trial 85 to 110. In the Stressed condition (Fig. 3.B), CC
and V of syllable 1 did not change during the hold phase but
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start to shorten significantly when the perturbation is removed
(both from trial 89 to 110). No significant change is observed
for C1 and C2 and either the first or the second syllable. The
vowel in syllable 2 is significantly longer from the beginning
until trial 104 of the aftereffect phase. CC of syllable two and
the third syllable do not diverge from baseline durations.
Fig. 5. The compensation magnitude relative to perturbation for Unstressed and
Stressed condition for 30 subjects. Values incorporate both perturbed segments of
interest (CC and V). Boxes correspond to the first and third quartiles and bars represent
the median. Whiskers extend from the hinge to the highest/smallest value no further than
1.5 IQR. Data beyond the whiskers are outliers. Dots mark individual subjects.
3.2. Temporal adjustments on the syllable level relative to the
perturbation

In the current study, it has to be taken into consideration that
the vowel of the second syllable was much longer than the
vowel of the first syllable due to the stress pattern. Since the
perturbation section was sized to be twice the vowel duration,
the perturbation section covering the stressed syllable
(Stressed condition) was larger (mean: 324 ms) than the per-
turbation section covering the unstressed syllable (Unstressed
condition, mean: 221 ms). This difference in size of the pertur-
bation section consequently leads to a greater amount of abso-
lute perturbation (in ms) in the Stressed condition. The
following measure will take this duration difference into
account by examining compensation relative to the amount
of perturbation. To extract the reaction to the whole perturbed
part, the following measure incorporates the segments of the
whole perturbation section (CC and V) and captures the total
amount of applied perturbation (stretching and compressing)
to the targeted segments. This measure then gives insight into
the strength of reaction relative to perturbation and allows for a
comparison between the perturbation of the word-initial
unstressed and the word-medial stressed syllable. Another
aspect that has to be accounted for is the fact that the fit of
the perturbation section changes when speakers change their
productions. While the online status tracking can track the
onset of the perturbation even in variable speech, the duration
Fig. 4. Both plots show mean durations (s) of both segments of interest (CC /tʃ/ and V /e/) o
segment of the perturbation section is on the x-axis (CC) and the second segment of the pert
marks the hold phase durations. B1 and H1 represent the signal spoken by the subject, B
Unstressed condition and the right plot (B) the Stressed condition.
of the perturbation section itself, however, is not adaptive.
When speakers change their productions of the perturbed seg-
ments, the location of the perturbation section may deviate
from the implementation based on non-perturbed speech in
the pretest. Therefore, the measurement assesses the fit of
the perturbation section as compared to the baseline fit and
takes into account that productions might already include com-
pensatory/adaptive behavior.

For further analyses, the difference between baseline
and hold phase productions and hold phase and (simulated)
ver 30 subjects per perturbation condition relative to the baseline mean (0/0). The first
urbation section is on the y-axis (V). Points labelled “B” mark baseline durations and “H”
2* and H2 represent the (*simulated) perturbed feedback. The left plot (A) shows the
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baseline perturbation will be examined to build a measure that
captures the response relative to the applied perturbation.
Euclidian distances of absolute durations between baseline
and hold phase for both the produced and perceived signals
will be examined.

Accordingly, two signals were considered for baseline (B)
and hold phase (H), respectively: the original signal spoken
by the subject (1) and the perturbed feedback signal heard
by the subject (2). Although there was no perturbation applied
in the baseline, a perturbed signal was simulated to estimate
the maximum perturbation on a signal without reaction (B2*).
Example spectrograms for B1, B2*, H1, and H2 of both pertur-
bation conditions are provided by Fig. 1. The segments CC
and V of the perturbed syllable per perturbation condition are
arranged in a two-dimensional coordinate system that captures
the spoken and perturbed durations of the first perturbed seg-
ment (CC, /tʃ/) on the x-axis and the spoken and perturbed
durations of the second segment (V, /e/) on the y-axis (visual-
ized in Figs. 4. A and Figure 4.B). The reference for durations
is the mean baseline production (B1); hence B1 is at the zero-
crossing for both axes. As before, for the calculation of the
baseline mean, the first nine baseline trials were excluded.

A mean perturbation was calculated from the mean of (sim-
ulated) maximum perturbation without compensation in the
baseline (Euclidian Distance |B1-B2*|, Figs. 4.A and Figure 4.
B, dashed line) and perturbation on a signal that perhaps
already includes a reaction in the hold phase (Euclidian dis-
tance |H1-H2|, Figs. 4.A and Figure 4.B, dashed line) (see
equation (1)). Assuming that subjects intuitively aim to match
the received auditory feedback with the representation of the
intended speech sound through compensation, a closer dis-
tance between B1 (spoken and heard signal without perturba-
tion) and H2 (heard signal/perturbed auditory feedback in the
hold phase) would mean stronger compensation. If H2 equals
B1, the reaction is interpreted as perfect compensation, mean-
ing that the subjects heard the signal they intended to speak.
The Euclidian distance of |B1-H2| (solid line) was then divided
by the mean perturbation and scaled to percent values (see
equation (2)), forming our compensation values.

mean perturbation ¼ B1� B2j j þ H1� H2j j
2

ð1Þ
compensation ¼ 1� jB1� H2j
meanpert:

� �
� 100 ð2Þ

A paired t-test was fitted to compare compensation in the
Unstressed condition with compensation in the Stressed
condition.

The outcome indicates that compensation of the whole per-
turbed section relative to perturbation was stronger in the
Stressed condition than in the Unstressed condition
(t = �2.72; df = 29, mean of the difference = �8.78,
p = 0.01). Fig. 5 visualizes the compensation magnitudes of
both conditions.
3.3. Temporal adjustments on the word level

To estimate the impact of durational adjustment in a higher
prosodic unit, all absolute durations were normalized by word
duration of the respective trial (% of word duration). The follow-
ing analyses reveal how the proportional segment durations
within the word change over the course of the experiment.

3.3.1. Reaction to maximum perturbation (hold phase)

For calculations of production differences between baseline
(no perturbation) and hold phase (maximum perturbation), two
linear mixed models with the same structure as in section 3.1.1
were calculated but with normalized durations as the depen-
dent variable. Accordingly, as above, the alpha-level of signif-
icance for the following model interpretations was divided by
two as we retested for effects with two models (alpha = 0.025).
The following section reports the estimates provided by em-
means' pairwise comparisons; Table 2 summarizes more
details of the outcome. Along with the estimate that reports
the difference of proportion of a segment in the word between
baseline and hold phase (H-B in %), we report the ratio as the
change in word-normalized segment duration of the respective
segment between baseline and hold phase ((H/B * 100) – 100
in %), the latter reported in Oschkinat and Hoole (2020). For
example, an estimate of 25% means that the segment takes
up 25% more of the word in the hold phase than in the base-
line. A ratio of 25% indicates that the word-normalized seg-
ment is 25% longer in the hold phase than in the baseline.
Fig. 6 depicts the duration per segment within the word (esti-
mate) relative to the calculated baseline mean (horizontal zero
line) throughout the experiment.

The models' outcomes for the Unstressed condition showed
significant shortening of CC in the first syllable (estimate:
�1.17%; ratio: �6.03%) and significant lengthening of the
vowel (estimate: 0.88%; ratio: 11.03%). In the second non-
perturbed syllable, the CC segment did not change signifi-
cantly in production (estimate: 0%; ratio: 0%), while the vowel
was significantly lengthened (estimate: 0.47%; ratio: 2.51%).
Splitting up CC into its components showed that C1 and C2
in syllable 1 were both shortened, C1 significantly (estimate:
�1.05; ratio: �11.38%), C2 non-significantly (estimate:
�0.21%; ratio: �1.92%). In the non-perturbed syllable 2, both
consonants did not change significantly (C1 estimate: �0.15%;
ratio: �1.84%; C2 estimate: 0.07%; ratio: 0.57%). The third syl-
lable did not show a significant change in duration (estimate:
�0.14%; ratio: �0.41%).

In the Stressed condition, the CC segment of the first non-
perturbed syllable was significantly shorter than baseline pro-
ductions (estimate: �1.45%; ratio: �7.62%), but the vowel
did not change significantly (estimate: �0.18%; ratio:
�2.25%). In the perturbed second syllable, both CC and V
show significant compensatory temporal adjustments (CC esti-
mate: �1.19%; ratio: �5.8%; V estimate: 4.38%; ratio:
23.84%). C1 and C2 were both significantly shortened in sylla-
ble 1 (C1 estimate: �0.68%; ratio: �7.89%; C2 estimate:
�0.74; ratio: �7.12%), while in syllable 2 C1 was significantly
shortened (estimate: �0.99; ratio: �12.12%) but C2 rather
remained constant (estimate: �0.18%; ratio: �1.38). The third
syllable was significantly shorter than in the baseline (estimate:
�1.55; ratio: �4.57%).

3.3.2. Adaptation – Evaluation of the aftereffect phase

Similarly to the analyses of absolute durations in section
3.1.2, general additive mixed models (GAMMs) were fitted with
the same model structure as described in section 3.1.2, but to



Fig. 6. Duration differences relative to the baseline mean (estimate in %) of the onset CC (/tʃ/, green) and the vowel (/e/, blue) in syllable 1 and 2 in the upper plot (A), and C1 ([t],
orange) and C2 ([ʃ], red) of both syllables as well as syllable 3 (black) in the lower plot (B) over the course of the experiment (30 subjects). Solid dots mark the spoken signal,
transparent dots the received perturbed auditory feedback. Unstressed condition in the upper panels (perturbation of syllable 1), Stressed condition in the lower panels (perturbation of
syllable 2).
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Table 2
Overview of the statistical outcome for normalized durations of the emmeans' pairwise comparisons for the two lmer models. A thick bold horizontal line
separates the two models (model 1: CC /tʃ/, V /e/, model 2: C1 [t], C2 [ʃ], and syllable 3 /nən/). Grey backgrounds mark segments that were perturbed.
Significant p-values (alpha < 0.025) in bold. Syllable and Segment appear in two different columns for providing a better overview. However, note that in
the model calculation, Segment is always the concatenation of Segment (e.g., CC) and Syllable (e.g. Syllable 1).
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normalized durations to assess for how many trials of the after-
effect phase the articulatory adjustments remained.

In the following, the outcome given by the visualization of
the Gamms will be reported.

Fig. 7.A indicates that in the Unstressed condition, the
lengthening of the vowel in the first syllable did not continue
in the aftereffect phase, while the CC segment was signifi-
cantly shortened from trial 87 to trial 110. The shortening
was mainly caused by C1 (significant deviation from trial 87
to 110), while C2 maintained baseline durations. In syllable
two, no significant effects were found. Syllable three was
longer than the baseline from trial 88 to trial 110. In the
Stressed condition (Fig. 7.B), CC and V of syllable 1 were sig-
nificantly shorter than baseline productions (CC: trial 84 to 110,
V: trial 88 to 110), C1 and C2 did not diverge significantly. In
syllable 2, the vowel was significantly longer from trial 81 to
110 (comprising the whole aftereffect phase), while CC
remained constant. No significant effect was found for C1 or
C2 in syllable 2 or syllable 3.

3.4. Non-temporal markers of stress

The temporal perturbation in this study compressed the
vowel in both perturbation conditions. Consequently, in the
Stressed condition, the stress pattern was attenuated. It is
therefore assumable that not exclusively duration but also
other markers of stress may have changed in production.
The following sections examine aperiodicity of the vowels in
both perturbed syllables, intensity (root-mean-square ampli-
tude), and spectral skewness for the vowel and the fricative.
The fricative will also be examined to reveal possible produc-
tion differences in change of intensity (RMS) and skewness
of the spectrum. Please recall that only the first syllable was
perturbed in the Unstressed condition, while in the Stressed
condition, the second syllable was perturbed.

As a reminder, we expect more intensity (RMS) in the per-
turbed vowel or fricative, less skewness in the perturbed vowel
or fricative, and less aperiodicity in the perturbed vowel. Since
we observed greater absolute durational adjustments in the
vowel of the Stressed condition than in the Unstressed condi-
tion, we expect changes in intensity, skewness, or aperiodicity
to be more pronounced in the Unstressed condition. All calcu-
lations and visualizations incorporate the last ten trials of the
baseline exclusively. In visualization, the aftereffect phase is
added for an overview; calculations include baseline and hold
phase exclusively. The examination of the mentioned parame-
ters is rather a secondary aim of the study and should be seen
as exploratory in nature. Therefore, we retain unadjusted p-
values in the following and ask the reader to keep that in mind
when interpreting the following outcomes.
3.4.1. Aperiodicity

Aperiodicity was estimated with the Matlab function yin
(Cheveigné & Kawahara, 2002). The mean aperiodicity values
for each vowel segment were entered into the analyses below.



80 85 90 95 100 105 110

−2
−1

0
1

2

Tsche (syll1)
D

ur
at

io
n 

re
. B

as
el

in
e 

(%
 o

f w
or

d)

CC
V

80 85 90 95 100 105 110

−2
−1

0
1

2

tsche (syll2)

CC
V

nen (syll 3)

80 85 90 95 100 105 110

−2
−1

0
1

2

Trial Number

D
ur

at
io

n 
re

. B
as

el
in

e 
(%

 o
f w

or
d)

C1
C2

80 85 90 95 100 105 110

−2
−1

0
1

2

Trial Number

C1
C2

80 85 90 95 100 105 110

−2
−1

0
1

2

Trial Number

syll 3

Aftereffect Phase Unstressed ConditionA

80 85 90 95 100 105 110

−2
−1

0
1

2

Tsche (syll1)

D
ur

at
io

n 
re

. B
as

el
in

e 
(%

 o
f w

or
d)

CC
V

80 85 90 95 100 105 110

−2
−1

0
1

2

tsche (syll2)

CC
V

nen (syll 3)

80 85 90 95 100 105 110

−2
−1

0
1

2

Trial Number

D
ur

at
io

n 
re

. B
as

el
in

e 
(%

 o
f w

or
d)

C1
C2

80 85 90 95 100 105 110

−2
−1

0
1

2

Trial Number

C1
C2

80 85 90 95 100 105 110

−2
−1

0
1

2

Trial Number

syll 3

Aftereffect Phase Stressed ConditionB

Fig. 7. GAMM fits of the aftereffect phase for word normalized durations relative to the baseline mean (%), including random effects and confidence intervals (97.5%). The Unstressed
condition in the upper plot (A) and the Stressed condition in the lower plot (B) (30 subjects). The CC fits are shown in green and vowel fits are shown in blue. C1 in orange and C2 in red.
The section between two dotted vertical lines and thick horizontal lines marks the significant deviation from zero for each sound.
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Aperiodicity values were provided by yin on a scale
between 0 and 1. The data were not normally distributed and
consequently log-transformed for calculations and plots. More
strongly negative values (after transformation) indicate less
aperiodicity, while smaller negative values reflect greater ape-
riodicity. Values were grouped by sex, condition, and phase
and all values outside the 95% confidence intervals were
removed. The left panel of Fig. 8 shows log-transformed ape-
riodicity values per condition and sex, the right panel presents
the log-transformed aperiodicity values normalized by each
subject's baseline mean per condition. A linear mixed model
was fitted with log-transformed aperiodicity values as the
dependent variable with phase, condition, and sex as predic-
tors and an interaction between phase and condition. The
interaction between phase and condition was added as a
within-subject random effect (intercept and slope). Emmeans’
comparison between the Unstressed condition (syllable 1)
and the Stressed condition (syllable 2) averaged over phase
and sex indicated that the vowel in the unstressed syllable
was produced with greater aperiodicity than the stressed vowel
(estimate syll1-syll2: 0.97; SE = 0.064; df = 29; t-ratio = 15.08;
p < 0.001). Further, the comparison between male and female
subjects revealed less aperiodicity for male subjects averaged
over phase and condition (female-male estimate = �1.3;
SE = 0.108; df = 28; t-ratio = �12.026; p < 0.001). The pairwise
comparison between the phases revealed significantly less
aperiodicity in the hold phase compared to the baseline in
the Unstressed condition (H-B estimate = �0.096;
SE = 0.039; df = 29; t-ratio = �2.403; p = 0.0229) and in the
Stressed condition (H-B estimate = �0.177; SE = 0.039;
df = 29; t-ratio = �4.531; p < 0.001).
3.4.2. Root-mean-square of the amplitude of the signal (RMS)

The RMS values were extracted as given by the Audapter
software as an average across the entire segment (the fricative
and the vowel). Data were not normally distributed and subse-



Fig. 8. Aperiodicity (log-transformed) of the vowels in both perturbation conditions split by sex (left panel). The right panel shows aperiodicity values (log-transformed) relative to the
baseline mean for baseline and hold phase.

Fig. 9. Log-transformed RMS values (y-axis) in both perturbation conditions split by segment (vowel/fricative).

Fig. 10. Spectral slices of the vowel /e/ (left panel) and the fricative /ʃ/ (right panel) in the second syllable of the word “Tschetschenen” spoken by a male speaker. Measures were taken
in the inner 50% of the sounds in a baseline trial. Both spectra are positively skewed.
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Fig. 11. Skewness (y-axis) in both perturbation conditions split by segment (vowel/fricative).
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quently log-transformed. For the reduction of measuring errors,
data were grouped by segment, condition, and phase and data
beyond the 95% confidence intervals were removed. Greater
negative values indicate less intensity, smaller negative values
greater intensity. Fig. 9 shows log-transformed RMS values
grouped by perturbation condition and segment for each phase
of interest.

A linear mixed model was calculated with log-transformed
RMS values as the dependent variable with phase, perturba-
tion condition, and segment as predictors with an interaction
between phase and condition and segment. A by-subject inter-
action between phase and perturbation condition was added
as a random effect.

Post-hoc testing with emmeans’ pairwise comparison indi-
cated significantly more intensity in the hold phase than in
the baseline in the Unstressed condition for the vowel (esti-
mate = 0.149; SE = 0.04; df = 36.4; t-ratio = 3.747;
p < 0.001) but not for the fricative (estimate = 0.0569;
SE = 0.0398; df = 36.3; t-ratio = 1.43; p = 0.161). In the
Stressed condition, both segments were produced with greater
intensity (vowel estimate = 0.103; SE = 0.034; df = 37.8; t-
ratio = 3.747; p < 0.001, fricative estimate = 0.126;
SE = 0.0367; df = 37.8; t-ratio = 3.452; p = 0.0014).

3.4.3. Skewness of the spectrum

The last examined parameter was spectral skewness. The
skewness captures whether the shape of the spectrum below
the center of gravity is different from the shape above the cen-
ter of gravity and whether this relation changes in the face of
the perturbation. For the estimation of the skewness, the stan-
dardized 3rd moment of the spectrum was extracted in the
inner 50% of the sound, with a minimum duration of 240 sam-
ples (15 ms) for the vowel or 320 samples (20 ms) for the frica-
tive /ʃ/. For the calculations within the fricative, frequencies
between 800 and 8000 Hz were extracted with a sample rate
of 16000 Hz. For the vowel, frequencies between 70 and
4000 were extracted with the same sample rate. Data outside
the 95% confidence intervals were removed. A higher skew-
ness value indicates more energy in lower frequencies than
in higher frequencies.
The vowel spectra had a positive skew (mean: 4.46, range:
�0.6 to 18.6), and the fricative spectra were mostly positive but
for some speakers negatively skewed (mean: 0.57, range:
�1.38 to 5.17). Fig. 10 gives an example of spectral shape
for the vowel and the fricative of one (male) speaker with a
skewness of 10.6 for the vowel and 0.8 for the fricative.

A linear mixed model was calculated with similar structure
as before: skewness was the dependent variable, with phase
and segment and condition as predictors with an interaction
between phase and segment and condition. The interaction
between phase and condition was added as within-subject ran-
dom effect. Post-hoc testing revealed a significant difference
between baseline and hold phase for the vowel in both condi-
tions with less skewed spectra in the hold phase (Unstressed
condition: estimate = �0.357; SE = 0.106; df = 68.7; t-
ratio = �3.382; p = 0.0012; Stressed condition: estimate = �
0.503; SE = 0.1; df = 77.4; t-ratio = �5.036; p < 0.001). No dif-
ference was observed in the fricative spectral tilt for either con-
dition (Unstressed condition: estimate = �0.049; SE = 0.105,
df = 66.3; t-ratio = �0.466; p = 0.64, Stressed condition: esti-
mate = 0.042; SE = 0.099; df = 73.4; t-ratio = �0.422;
p = 0.67). Fig. 11 visualizes spectral skewness of the vowel
and the fricative in both perturbation conditions.

3.4.4. Interdependence of parameters and summary

To test for dependencies of parameters, intensity, skew-
ness, and aperiodicity were correlated with each other. For this
calculation, the difference between mean values for baseline
and hold phase (H-B) were estimated per speaker and condi-
tion for the vowel in the perturbed syllable. Linear models per
condition per two of the above parameters were calculated.
For the vowel in the Unstressed condition (syllable 1) the
model revealed a significant change of aperiodicity along with
intensity (RMS), whereby aperiodicity decreases with higher
intensity in the hold phase (F-statistic: 10.15, DF: 28, p:
0.0035). The remaining models showed no significant effect.

Before turning to the discussion, we briefly summarize the
previous section by noting that along with greater duration of
the vowels in both conditions their intensity increased, their
spectrum became less aperiodic and less skewed. The frica-
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tive /ʃ/ only experienced more intensity in the Stressed condi-
tion along with greater duration.

Accordingly, there are no between-condition differences
that indicate a systematic contribution of stress pattern
(stressed or unstressed syllable) to the responses.
4. Discussion

The current study revealed speakers’ sensitivity to temporal
manipulations in both a stressed and an unstressed syllable.
This effect has been shown before, albeit only very recently,
for perturbations of stressed and unstressed syllables in the
spectral domain (Bakst & Niziolek, 2021). Thus, the present
study contributes to a better understanding of whether pro-
cessing patterns found in response to real-time spectral alter-
ations extend to the less explored but clearly equally crucial
area of real-time temporal alterations. In the current study we
observed local compensatory behavior in the perturbed
sequences and elicited different systematic response strate-
gies for the global control of higher prosodic timing dependent
on stress pattern (and syllable position).

We first consider absolute durations as presented in section
3.1. It turns out the patterns found there lead very naturally into
a discussion of relative durations at the word level (section
3.3.). Following that we return to a consideration of syllable
level effects and the comparison of both perturbation condi-
tions. Subsequently, we interpret the adaptive behavior as well
as the results for non-temporal parameters.
4.1. Duration and timing during perturbation

4.1.1. Compensation on segment level

On the sound/segment level, speakers reacted as expected
in both perturbed syllables: They significantly compensated for
the auditorily compressed vowel /e/ by lengthening it in produc-
tion but did not compensate significantly for the stretched CC
onset segment taken as a whole. Adjustments to the single
onset consonants in the perturbed syllable were also non-
significant (except for C2 in the Unstressed condition), but
showed a pattern in directionality for C1 [t] to shorten and C2
[ʃ] to lengthen in production. This pattern might be a result of
sound class specific production and intelligibility: While the
approximation of the closure of a plosive (as is C1) is sufficient
to make it perceivable as a plosive, producing a fricative (as is
C2) requires greater precision in building the fricative-specific
constriction and a minimum duration. However, the different
response directionality could support the idea that both single
consonants are timed individually rather than as one single unit
(affricate).

The above findings are in line with our previous study
(Oschkinat & Hoole, 2020), where perturbations of the onset
/pf/ and nucleus /a/ led to a non-significant shortening of the
initial plosive [p] (which was a compensatory response) and
non-significant lengthening of the second consonant [f] (follow-
ing the perturbation). These tendencies resulted in no change
in production of the whole CC /pf/ onset segment. For the com-
pressed /a/ in manipulation, subjects compensated signifi-
cantly. While in the current study the responses at the
perturbation site itself are pretty similar in both perturbation
conditions (Unstressed/Stressed), the temporal re-
organization of unperturbed parts differs remarkably.

In the Stressed condition, the vowel of the perturbed
stressed syllable was lengthened in production, and indeed
very substantially (mean 51.8 ms), while the other segments
within the word kept a constant duration. Since this is the
stressed syllable, we hypothesize that the vowel has a critical
limit on how short it can be but no strict limit on how long it can
be (in contrast to the vowel in the first syllable). In the
Unstressed condition, the word-initial manipulation caused glo-
bal lengthening in production for all following segments in syl-
lable two and syllable three. This reaction is reminiscent of Cai
et al. (2011), who found lengthening of segments in the imme-
diately following syllable after perturbation as a response to a
delayed vowel target. Like the reactions in Cai et al. (2011), our
data call to mind effects of delayed auditory feedback, which
include prolongations or slowing down of following segments
(Yates, 1963). The stretching of the onset consonants in per-
turbation caused a delay of the vowel onset which might have
triggered prolongations in the following syllables. The following
perturbatory compression of the vowel, which brought the sig-
nal back to real-time again, seemed to have only minor reper-
cussions. Some of our subjects developed stutter-like
symptoms during the perturbation by repeating the third sylla-
ble (see section 2.4), which is another indication for a reaction
caused by delayed auditory feedback. In some cases, variabil-
ity in production caused variability in perturbation timing, which
in turn led in some cases to compression not only for the vowel
of syllable one but also of the CC segment in the second syl-
lable. This compression of CC in syllable two might have
enhanced lengthening responses. However, we assume global
lengthening would be the same even without the spill-over
manipulation to the second syllable.

Why does the temporal perturbation of a word-initial,
unstressed syllable cause a global reaction of timing, while
the temporal perturbation of a word-medial, stressed syllable
just elicits local adjustments of vowel duration? We conclude
that the perturbation triggers different timing strategies to main-
tain a higher prosodic target that are, as we assume, shaped
by both the position and the stress pattern of the perturbed
syllable.

If the first syllable or the onset is manipulated, so that it is
perceived longer/slowed down, the timing in the higher proso-
dic unit (syllable/word) can be adjusted dynamically with
adjustments of the following segment durations. With no short-
ening in production of the CC segment but lengthening of the
vowel in the unstressed first syllable, the whole first syllable
is longer than before, and the following adjustments aim at
matching the appropriate proportional duration of each syllable
within the word. Accordingly, the perturbation of the word-initial
syllable might have triggered the perception of a general
speech rate shift. In the perturbation of the second, stressed
syllable (Stressed condition), only the vowel in the stressed
syllable was perceived as being too short and consequently
the marking of the vowel as stressed seemed to be of highest
priority. In our data, the same technical perturbation leads to
different timing strategies (global maintenance of speech rate
or local adjustments to mark the stress pattern), indicating that
the perception of the same shift might differ depended on
where it is applied. As for the Stressed condition it also has
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to be kept in mind that the stressed syllable also carries the
phrasal accent which cumulates in a high prominence on the
stressed/accented syllable. The accentuation might lead to
intensified hyperarticulation (Cho, 2009; De Jong, 1995;
Mücke & Grice, 2014) when the stress/accent pattern is atten-
uated in the auditory feedback during perturbation.

From a phonological perspective, Saltzman et al. (2008)
introduced the m-gesture as a temporal modulation gesture to
create appropriate durational differences between stressed
and unstressed syllables. The m-gesture slows the stressed
syllable down, while the duration of unstressed syllables in a
foot (syllable 3 in “Tschetschenen”) does not change. The
response patterns in the Stressed condition in this study seem
to support the idea of the m-gesture as a function for localized
slowing down of the stressed syllable.
4.1.2. Compensation on word-level

The global lengthening in production of segments in the
Unstressed condition during perturbation paints a clear picture
of the word level's timing strategy when viewed in word-
normalized durations: All segments from the vowel in the first
syllable onwards were lengthened (in absolute durations),
which leads to a proportionally shorter CC segment in syllable
one. The perturbed unstressed vowel in syllable one is propor-
tionally longer when viewed on word-level, while all following
segments take up as much in the word as without perturbation
(see Fig. 6).

In the Stressed condition on the other hand, the unper-
turbed first syllable did not experience significant temporal
adjustments in production, and neither did syllable three. Both
unperturbed syllables maintained a stable production duration
throughout the experiment. However, due to the strong com-
pensatory lengthening of the vowel in the medial perturbed
stressed syllable (51.8 ms), the other segments within the word
take up less space in the word than they did in the baseline
(CC in syllable one and two, and syllable three). This effect
leads to the suggestion of a compensatory shortening for CC
in the perturbed stressed syllable in word-normalized
durations.

In summary, we conclude that on the sound/segment level,
local compensation is only found for the vowel in both condi-
tions. On the word level, however, speakers compensate bidi-
rectionally (with compensatory lengthening and compensatory
shortening) for both perturbed segments (V and CC) (achieving
this aim with adjustments of following segments in the
Unstressed condition). This interpretation leads us to a more
differentiated use of terminology: While on the segment level,
speakers compensate for the sound-specific duration, adjust-
ments on the word level indicate compensation in timing and
coordination of single sound durations within a higher prosodic
unit.

This terminology aims at capturing different levels of pro-
cessing and organization with respect to the temporal proper-
ties of speech; it reflects ideas that have been entertained
about the spatiotemporal properties of phonological gestures.
For example, these have been suggested to contain a spatial
dimension (spectral or constriction target) and two timing
dimensions: internal timing (durational properties on a seg-
mental level) and inter-gestural timing (coordination of ges-
tures within higher prosodic structures) (Byrd & Choi, 2010).
4.1.3. Comparison of the stressed and unstressed condition (syllable
level)

In comparing both perturbation conditions, we expected
greater compensation to the stressed vowel since the pertur-
bation auditorily weakened the desired stress pattern. A coun-
teraction to the perturbation would maintain the desired stress
pattern of the word. The production difference for the vowel /e/
was much more substantial in the perturbed stressed syllable
(51.8 ms) than in the perturbed unstressed syllable (12 ms).
However, the stressed vowel in the second syllable was also
much longer than the unstressed vowel in the first syllable,
and therefore the perturbation was greater in the stressed syl-
lable. The calculations on the syllable level in section 3.2 incor-
porated the whole perturbation section (CC and V) and the
amount of perturbation. The results indicated greater compen-
satory responses to the stressed, second syllable than com-
pensation to the first, unstressed syllable. This outcome
supports our hypothesis that speakers aim at realizing the
intended lexical stress pattern by adjusting the duration of
the stressed syllable to a greater extent than compensating
for the unstressed syllable. Taking the whole preceding discus-
sion into account, however, this result has to be interpreted
cautiously since we showed that compensation to the per-
turbed first syllable in the Unstressed condition was not exclu-
sively realized in the first syllable, but also spread over the
whole word. Admittedly, adjustments in unperturbed syllables
were not captured in the analyses at the syllable level in sec-
tion 3.2.

Moreover, one aspect that we cannot rule out concerns the
different syllable positions in both perturbed sequences. While
it is likely that the stress pattern causes the more robust
response in the perturbed syllable, it can additionally or as
an alternative be caused by the fact that the stressed syllable
appears word-medially while the unstressed syllable is word-
initial, the former having more temporal context information
available for word timing than the latter. Syllable position was
found to affect reactions to (supra)segmental spectral alter-
ations in previous studies, with a complex interaction with
stress pattern (Bakst & Niziolek, 2021; Natke & Kalveram,
2001).
4.2. Compensation, adaptation, and reactive feedback control

While we have noticed different global reaction patterns
between the two perturbation conditions, the response's nature
is not entirely characterized by exclusively observing the hold
phase productions. The analyses of the aftereffect phase allow
differentiation as to whether the feedforward representation for
production was updated or whether online control drove
changes in the ongoing trial itself.

In the Unstressed condition, CC of the perturbed first sylla-
ble is shortened in production in the aftereffect phase (in abso-
lute and word-normalized durations). This reaction might follow
the aim of keeping the vowel relatively long compared to the
CC segment when the vowel itself is not produced longer any-
more. Similarly, CC and the vowel of the unperturbed first syl-
lable in the Stressed condition are both produced shorter in the
aftereffect phase (with a faster speech rate), to make the sec-
ond syllable sound more stressed (in absolute and word-
normalized durations). In this view, the systematic aftereffects
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aim at keeping the established relation between CC and V in
the Unstressed condition and between syllable one and sylla-
ble two in the Stressed condition, but by changing segments
other than the initially perturbed parts. This response pattern
additionally indicates that the onset in general can in fact be
adjusted in production, but perhaps not as a reaction to locally
applied perturbation, but rather caused by a mismatch in timing
with other segments in the syllable/word.

In the planning and control of timing, the first syllable might
set the temporal grid for the following syllables within a word,
forming a counterpart to our proposal that the onset sets a grid
for following sound durations within the syllable (Oschkinat &
Hoole, 2020). This interpretation is in line with the perception
study by Reinisch, Jesse, and McQueen (2011), who tested
the perception of stress in different syllable positions depen-
dent on speech rate. When the initial syllable was slowed down,
the second syllable sounded shorter and therefore unstressed.
Reinisch et al. (2011) further concluded that judgments about
the stress pattern are made on initial syllable duration, regard-
less of the stressed syllable's position within the word. This con-
clusion is closely related to concepts in spoken-word
recognition, where the listener uses information as soon as it
is available for decoding and word-recognition (e.g., Reinisch,
Jesse &McQueen, 2010; Reinisch et al., 2011). The systematic
aftereffects in the first syllable in both conditions suggest that in
perception and production speakers aim to provide as much
information as possible as early as possible, which complicates
the attribution of specific cues to purely production or percep-
tual mechanisms. Whether or not the responses in the afteref-
fect phase can be seen as adaptive depends on the reaction in
the hold phase: Responses in the aftereffect phase that remain
similar to the responses in the hold phase indicate adaptive
behavior, further aftereffect responses that deviate from hold
phase and baseline productions indicate a reactive feedback
response to the withdrawal of feedback shift, with the aim to
keep the relation between segments within the syllable or sylla-
bles within the word constant.

Adaptive responses are seen in the Unstressed condition in
the vowel of the second syllable and syllable three. While the
vowel in the second syllable has probably updated its dura-
tional target towards longer durations to mark the stress pat-
tern, we admittedly have no explanation nor assumption for
why syllable three also adapts towards longer durations.

In the Stressed condition, the vowel in syllable two experi-
ences strong adaptive behavior. However, there is a noticeably
large drop from the end of the hold phase to the beginning of
the aftereffect phase (see Figs. 2 and 6). While there is sub-
stantial compensation during the whole hold phase, with the
first trial of the aftereffect phase, the vowel shortens abruptly.
This behavior indicates a strong component of within-trial reac-
tive responses (online compensation) to the ongoing perturba-
tion in the hold phase. The actual amount of update in the
motor commands is indicated by the starting point of durations
in the aftereffect phase, while the size of the drop from the hold
to the aftereffect phase indicates the additional online compen-
sation component. However, online compensation is only pos-
sible with lengthening of segments since it is impossible to
shorten segments in real-time as a reaction to a longer per-
cept. Lengthening the vowel in the online control might also
be driven by the circumstance that the first segment (CC) is
stretched in perturbation, and lengthening of the second seg-
ment (V) in production also compensates for the first segment
when viewed from the perspective of larger timing units.

Comparing both conditions indicates that the global length-
ening of segments in the Unstressed condition is mainly indica-
tive of online compensation (reactive feedback control) in the
ongoing speech sequence. In contrast, the systematic adjust-
ments to the first syllable and the vowel of the second stressed
syllable in the aftereffect phase in both conditions indicate an
update of the motor commands for the relation between
stressed and unstressed syllable within the word.

The current study's paradigm allowed the examination of
adaptation effects from the hold phase to the aftereffect phase
and transfer of adaptation effects from one perturbed syllable
to a similar non-perturbed syllable. Our data suggest no adap-
tation effects in within-trial moment-to-moment control from the
perturbed word-initial to the non-perturbed word-medial sylla-
ble in the Unstressed condition: Even though the segments
in the second syllable of the Unstressed condition are length-
ened in production, this does not necessarily reflect transmis-
sion of compensatory behavior from the first syllable to the
second, but indicates a general slowing down. In between-
trial transmission from the perturbed word-medial to the unper-
turbed word-initial syllable in the Stressed condition, we do not
see effects in absolute durations (on the segment level). On
the word level (in word-normalized durations), the CC segment
in the first (unperturbed) syllable is shortened to the same
degree as CC in the second (perturbed) syllable. This, how-
ever, is not directly attributable to a transmission of compen-
satory response from the second to the first syllable, since
all segments appear shorter due to the lengthened vowel in
the second syllable (as discussed above). Further, the vowel
in the first syllable does not change remarkably.

However, in spectral perturbation studies, effects of trans-
mission from a perturbed vowel to the same vowel in another
word have been observed. Houde and Jordan (2002) found
learning effects due to compensation of the vowel in a CVC
word partially transferred to another CVC word with the same
vowel, suggesting that the vowels in both words share the
same representation. Caudrelier, Schwartz, Perrier, Gerber,
and Rochet-Capellan (2018) further tested transfer of vowel
adaptation from the perturbed monosyllabic /be/ to the unper-
turbed pseudowords /bepe/, /pebe/, and the real-word /bebe/.
Their participants transferred learned production updates but
with greater transfer to the same syllable /be/ than the similar
one /pe/ and greater transfer to the first than the second sylla-
ble. The lack of adaptation transfer in our data raises the ques-
tion of whether segment duration and syllable timing share the
same representation when they appear in different syllables
and the syllables in a different position within the word. Our
findings from this study suggest that the temporal control
depends on stress pattern, syllable position within the word,
and, as previously shown, segment position within the syllable
(Oschkinat & Hoole, 2020).
4.3. Non-temporal properties

The additional examination of aperiodicity, intensity, and
skewness indicated that some frequency-domain parameters
change along with produced changes in duration. The aperiodic-



22 M. Oschkinat, P. Hoole / Journal of Phonetics 91 (2022) 101133
ity of both perturbed vowels decreased in production during per-
turbation. This effect might be a side effect of vowel lengthening,
as the longer vowel in the stressed syllable was already less ape-
riodic in the baseline. Further, less aperiodicity of the perturbed
vowel in the Unstressed condition went along with greater inten-
sity of the same vowel, suggesting that the aperiodicity is further
coupled with greater intensity. The produced intensity (RMS)
increased in the perturbed vowels in both perturbation conditions
and in the perturbed fricative in the Stressed condition. We
assume the higher intensity to be a consequence of greater
emphasis while correcting for the perturbation of the vowels, as
seen for other feedback alterations, e.g., delayed auditory feed-
back (Yates, 1963). In the stressed syllable, greater intensity is
not only found for the vowel but also for the fricative. This again
calls the l -gesture model to mind (Saltzman et al., 2008): Word
stress gradually spreads its effect from the target of impact (the
vowel) on to adjacent segments, with C2 being influenced to a
greater degree by lexical stress than C1. The greater intensity
along with greater duration also underlines the assumption of
Turk and Sawusch (1996) that duration and loudness are pro-
cessed as a unit. Regarding the interdependencies of the cues
with one another (e.g., intensity changes along with compensa-
tion to f0), previous research provided quite heterogenous results
(see e.g. Patel et al. (2011); and Patel et al. (2015)) which could
be a matter of linguistic relevance: On the suprasegmental level,
prosodic cues might be exchangeable, while on the segmental
level, properties such as formant frequencies are unique markers
of, e.g., sound quality. This means that alterations of formant fre-
quencies are most likely to be compensated with adjustment of
formant frequencies. Further, intensity might indeed be coupled
with duration rather than with other parameters, as supported
by the current study and studies on delayed auditory feedback.

However, previous studies have concluded that supraseg-
mental and segmental cues follow common processing mech-
anisms with the evaluation of local and more global cues (with
and without context information) (Reinisch et al., 2010, 2011).
Duration, in this view, might be anchored in both segmental
and suprasegmental levels, which makes a comprehensive
attribution to dependencies or independencies with other
parameters more complex. Another aspect that shapes the
relation of cues is the actual time course of physical events:
not all cues are processed at the same time. Spectral cues
are used earlier in the perception of vowels than temporal cues
(as they are assessable earlier) but are dependent on the con-
text (Reinisch & Sjerps, 2013).

As a general overview of spectral shape, the spectral skew-
ness of the perturbed vowels and fricatives was examined. We
found less skewness in the vowels as hypothesized but no effect
for the fricatives. Less skewness is the consequence of more
energy in the higher frequencies and increased harmonic struc-
ture, which might go along with the greater emphasis on the
vowel, greater intensity, and less aperiodicity. Saying this, we
assume that greater intensity is the actively used cue to empha-
size the vowel, which was de-emphasized due to compression in
the auditory feedback. However, in examining the relations
between the three spectral parameters (intensity (RMS), aperiod-
icity, and skewness) with each other, only changes in intensity
and aperiodicity between hold phase and baseline in the
Unstressed condition correlated significantly. Finally, note that
we do not regard the changes in non-temporal parameters as
specific for stress realization, as all changes in the perturbed
vowel occurred in both the stressed and the unstressed syllable.
5. Conclusion and limitations

The current study supports the contention that speakers
monitor the surface timing of their own utterances by using
auditory feedback information about the timing of the previous
and ongoing speech segments. Speakers are flexibly able to
adjust segment durations dynamically in the ongoing speech
sequence based on the auditory feedback, and can in some
cases update the motor control plans accordingly as they
unfold. This information is at this time to our knowledge not
comprehensively accounted for in current models of speech
production, but combines aspects found in the DIVA model
(the contribution of auditory feedback to speech planning and
execution) and the Articulatory-Phonology/Task-Dynamics
framework (timing of gestures as determined by prosodic
structure, for further discussion see Oschkinat and Hoole
(2020) and Karlin et al. (2021)). The idea of timing mechanisms
that are not entirely elaborated on a phonological level
("phonology-extrinsic") has also been suggested and dis-
cussed recently by Turk & Shattuck-Hufnagel (2020). While
the perturbation of the unstressed word-initial syllable caused
a global lengthening of following segments (reactive feedback
control), the perturbation of the stressed word-medial syllable
caused a local compensatory reaction of the syllable's
nucleus, accompanied by some adaptive behavior, although
only to a small proportion of the online adjustment. The exam-
ination of duration on different prosodic levels revealed specific
timing strategies that stress the representation of duration as a
non-arbitrary property of fluent speech.

Our results underline the specificity of temporal feedback
alterations and provide insight into the possibilites for using
the temporal perturbation paradigm to further contribute to
our understanding of planning and execution of temporal seg-
mental and suprasegmental cues in speech production.

One limitation of our data is that we cannot neatly disentan-
gle the position of the syllable from the stress pattern. The
inclusion of both contexts separately would be a fruitful addi-
tion to the sparse body of research on speech timing under
temporally perturbed auditory feedback – and the small body
of research on the influence of prosodic conditions in any form
of feedback perturbation. The other limitation of the current
study concerns the onset stability and the systematic reaction
of C1 and C2 in the face of the perturbation. For a more rigor-
ous conclusion about their temporal behavior, kinematic data is
indispensable. The data presents a sample of participants as
one group. We observed individual differences in the reaction
within that group, with some of the subjects even compensat-
ing for the onset CC perturbation. The detailed investigation of
individual reaction patterns is beyond the scope of this paper.
However, we are keeping the significant amount of variability in
mind for future studies, aiming for a better understanding of its
nature and its relation to temporal perceptual acuity and non-
speech motor variability.
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Appendix A
First and second Formants (F1/F2) of the three vowels in
“Tschetschenen” (/tʃe'tʃeːnən/). Vowels were provided by the
wrassp package for signal analysis (Bombien, Winkelmann &
Scheffers, 2021) using EMuR (Winkelmann, Jänsch, Cassidy
& Harrington, 2020). Formants were extracted over all trials
of both perturbation conditions and summarized per vowel
per speaker. Formant values were not corrected and should
only serve as an overview for typical productions of /e/ in
unstressed position, /e:/ in stressed position, and schwa.
Appendix B
Spectrograms with accompanying textgrids as provided by
praat. The second Tier (OST) indicates the different reached
stages in the online status tracking, the Tier "PCF" shows
the perturbation section.

The example shows a poor fit of the perturbation section
in the hold phase (right spectrogram) compared to the baseline
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fit (left spectrogram). Note that in the baseline trial
(left spectrogram) the perturbation section appropriately fits
onto the onset and the vowel. In the right spectrogram,
the onset consonants [t] and [ʃ] are both much longer than in
the baseline trial so that the perturbation section does not
cover the vowel anymore (see t durations above the spectro-
grams in both panels).
Table 5
Statistical outcome of model 3. CC and V with relative durations (section 3.3).

Type III Analysis of Variance Table with Satterthwaite’s method

Sum Sq Mean Sq

phase 30 30
Segment 181,849 60,616
condition 18 18
phase:Segment 3,702 1,234
phase:condition 57 57
Segment:condition 2,344 781
phase:Segment:condition 2,050 683

Table 6
Statistical outcome of model 4. C1, C2, and syll. 3 with relative durations (section 3.3).

Type III Analysis of Variance Table with Satterthwaite’s method

Sum Sq Mean Sq

phase 737 737
Segment 880,950 220,237
condition 223 223
phase:Segment 204 51
phase:condition 167 167
Segment:condition 60 15
phase:Segment:condition 209 52

Table 4
Statistical outcome of model 2. C1, C2, and syll. 3 with absolute durations (section 3.1).

Type III Analysis of Variance Table with Satterthwaite’s method

Sum Sq Mean Sq

phase 2,143 2143
Segment 73,230,559 18,307,640
condition 2 2
phase:Segment 55,301 13,825
phase:condition 8,666 8,666
Segment:condition 12,811 3,203

Table 3
Statistical outcome of model 1. CC and V with absolute durations (section 3.1).

Type III Analysis of Variance Table with Satterthwaite’s method

Sum Sq Mean Sq

phase 26,680 26,680
Segment 14,649,163 48,883,054
condition 36,799 36,799
phase:Segment 310,077 103,359
phase:condition 11,198 11,198
Segment:condition 219,349 73,116
phase:Segment:condition 197,359 65,786
Appendix C

The following tables report the significance of the interac-
tions received from the linear mixed models calculated in sec-
tions 3.1 and 3.3. In model 2 (Table 4), the threeway-interaction
was dropped. “Segment” is the concatenation of sound (e.g,
CC) and syllable (e.g., syllable 1).
NumDF DenDF F value Pr(>F)

1 28.85 4.08 0.0528
3 9214.90 8123.19 <0.001
1 9249.30 2.38 0.1230
3 9241.90 165.37 0.001
1 9246.96 7.64 0.0057
3 9241.90 104.69 <0.001
3 9241.90 91.59 <0.001

NumDF DenDF F value Pr(>F)

1 11598.54 78.37 <0.001
4 11596.05 23413.98 <0.001
1 115596.92 23.67 <0.001
4 11596.05 5.43 <0.001
1 11597.35 17.75 <0.001
4 11596.05 1.58 0.18
4 11596.05 5.55 <0.001

NumDF DenDF F value Pr(>F)

1 28.92 1.61 0.215
4 11570.93 13737.91 <0.001
1 11575.30 0.00 0.969
4 11570.93 10.37 <0.001
1 11573.83 6.50 0.011
4 11570.93 2.40 0.048

NumDF DenDF F value Pr(>F)

1 28.90 35.55 <0.001
3 9241.87 6505.86 <0.001
1 9245.35 49.03 <0.001
3 9241.87 137.71 <0.001
1 9244.15 14.92 <0.001
3 9241.87 97.42 <0.001
3 9241.87 87.65 <0.001
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