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Speech perception and production are linked through shared neural representations, such that
individual differences in auditory-perceptual acuity predict articulatory precision for segmental
contrasts. Whether similar perception-production links (PP-links) extend to suprasegmental
prosodic features, however, remains unclear. In the present study, we investigated whether individual
differences in auditory-perceptual acuity for prosodic boundary cues (pitch range, pause duration,
final lengthening) predict how those same cues are produced, and whether this relationship is
modulated by cognitive load. Using Bayesian distributional models, we examined how auditory-
perceptual acuity modulated both the distinctiveness (mean cue differences between bracket and
no-bracket productions) and trial-to-trial variability of prosodic boundary cue production. The
results revealed cue-specific PP-links. For pitch, higher auditory-perceptual acuity was associated
with stronger modulation of the produced pitch range, and it further modulated trial-to-trial
variability in pitch range under cognitive load: under high cognitive load, speakers with higher
pitch acuity maintained variable pitch range patterns across all productions, whereas speakers
with lower pitch acuity showed reduced pitch range variability. For pause duration, higher auditory-
perceptual acuity was associated with greater trial-to-trial variability in pause duration and,
exploratorily, with reduced reliance on pauses for boundary marking. Final lengthening showed
no relationship between auditory-perceptual acuity and production. Across cues, cognitive load
systematically affected both production distinctiveness and trial-to-trial variability, interacting with
auditory-perceptual acuity in a cue-specific manner. These findings demonstrate a PP-link at the
prosodic level that is not uniform across prosodic boundary cues and suggest that, particularly for
pitch, higher auditory-perceptual acuity supports flexible and adaptive prosodic cue production.
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1. Introduction

Speech production relies on a tight interplay between perception and production within individual
speakers. To produce speech that meets communicative goals, speakers continuously monitor
their own output against internal auditory expectations, using sensorimotor feedback mechanisms
to calibrate and refine articulatory movements (e.g., Arjmandi & Behroozmand, 2024; Houde &
Jordan, 2002; Tourville et al., 2008). The perceptual and productive systems underlying this
process are, thus, not independent, but rely on shared or tightly coupled representations (e.g.,
Guenther, 1995; Whalen, 2020). This coupling, commonly referred to as the perception-production
link (PP-link) (e.g., Flege, 1995; Newman, 2003), has long been recognized in speech science and

forms a foundation for theories of speech motor control.

1.1 PP-link at the segmental level

Numerous studies investigating individual differences support the existence of a PP-link at the
segmental level. These studies demonstrate that speakers who perceive phonemic contrasts more
accurately also articulate those contrasts more distinctly. For example, English speakers who
can discriminate between vowel contrasts (e.g., /a/ — /A/, /u/ — /u/) or consonantal contrasts
(e.g., /s/ — /§/) more finely produce these categories with greater acoustic separation and
reduced overlap, whereas poorer perceivers show smaller contrasts (Perkell, Guenther, et al.,
2004; Perkell, Matthies, et al., 2004). Importantly, speakers with greater auditory-perceptual
acuity can preserve such contrasts even under altered auditory feedback, indicating robust
perception-linked control of articulation (e.g., Brunner et al., 2011; S. S. Ghosh et al., 2010).
In such experiments, speakers receive real-time perturbations of their own speech signal via
headphones, while producing differently sized speech units (see Elman, 1981, for one of the first
studies on compensatory responses to real-time pitch perturbation). Moreover, PP-links have also
been demonstrated at the subphonemic level: reaction times in cue-distractor tasks are reduced
when the perceived distractor shares subphonemic features (e.g., vowel quality) with the target
vowel to be produced (e.g., Ghaffarvand Mokari et al., 2020).

These behavioral findings can be explained by theoretical frameworks that posit tightly
integrated sensory-motor mechanisms in speech planning and production. The Directions Into
Velocities of Articulators (DIVA) model, for example, describes speech sounds as learned auditory-
motor units, in which auditory targets in the phonetic space are closely linked to articulatory
programs via shared neural mappings (see Bohland et al., 2010; Guenther, 1995; Guenther et al.,
2013). Within this framework, speech sounds are acquired and planned in relation to sensory
targets, and production accuracy is achieved through a combination of feedforward motor
commands and auditory feedback-based error correction during development (Guenther, 2016;

Meier & Guenther, 2023). Over time, repeated feedback-based corrections are incorporated into



feedforward commands, resulting in more precise and less variable segmental production, as well
as reduced reliance on real-time feedback (e.g., Smith et al., 2020; Villacorta et al., 2007). As a
consequence, individuals with finer auditory-perceptual acuity are expected to form more precise
auditory targets, supporting more accurate error detection and more stable articulatory patterns.
This architecture provides a principled explanation for observed PP-links at the segmental level,
whereby auditory-perceptual acuity predicts production distinctiveness and precision (Perkell,
Guenther, et al., 2004).

1.2 PP-link at the suprasegmental (prosodic) level

The evidence for a PP-link at the segmental level raises the question of whether a similar
relationship exists within prosody. Prosody refers to the suprasegmental aspects of speech, realized
through acoustic features such as pitch (the perceptual correlate of fundamental frequency, f0),
duration, rhythm, and loudness. These features organize speech into hierarchical units and
facilitate comprehension (e.g., Frazier et al., 2006; Gollrad et al., 2010). When one or more of
these features are functionally coordinated to signal prosodic structure (e.g., stress, prominence,
or prosodic boundaries), they are referred to as prosodic cues. A single cue may, therefore, be
realized through multiple features, and individual features may contribute to different cues,
depending on the context.

Empirical studies examining a potential PP-link at the prosodic level have adapted the
perturbation paradigms used for segmental research, by observing how speakers handle
perturbations of suprasegmental features. In the spectral domain, Patel et al. (2011) found that
speakers compensated for attenuated stress cues by increasing fO and intensity, though word
duration remained unchanged. This suggests that duration was not recruited as a compensatory
cue under f0 perturbation. In the temporal domain, compensatory responses to perturbed vowel
durations are found to be hierarchically structured, depending on syllable position and stress.
Oschkinat and Hoole (2022) perturbed the same syllable type in either an unstressed word-
initial or a stressed word-medial position within a trisyllabic German word. Perturbation of the
unstressed syllable caused a global slowing of all following segments, whereas perturbation of the
stressed syllable elicited only local adjustment within the perturbed syllable. This discrepancy
indicates that speakers do not merely correct individual segment durations in isolation; rather,
their compensatory responses maintain prosodic timing relations at the word level by preserving
the durational structure between stressed and unstressed syllables, as opposed to targeting sounds
as independent units. Together with evidence for cue trading and adaptive re-weighting in
prosodic boundary marking (e.g., Cole & Shattuck-Hufnagel, 2016; Kentner et al., 2023; Patel &
Schell, 2008), these findings suggest that prosodic cue control involves coordinated adjustments

across multiple dimensions of the speech signal.



Anumber of studies have also established a correlation between individual auditory-perceptual
acuity and the magnitude of these compensatory and adaptive responses. In the spectral domain,
finer-grained pitch discrimination has been associated with stronger adaptation to sustained pitch
perturbations (e.g., Martin et al., 2018). Similarly, for prosodic timing, Oschkinat et al. (2022)
found that speakers’ responses to manipulated speech timing are jointly shaped by auditory-
perceptual acuity and rhythmic abilities. However, the relative contributions of these factors
vary according to the prosodic structure and whether responses signify online compensation
or longer-term adaptation. These findings indicate that individuals differ systematically in how
auditory feedback is integrated into prosodic motor control, paralleling individual-difference

effects previously observed for segmental articulation.

The extension of PP-links from segments to prosody necessitates the introduction of
additional distinctions, given the fundamental differences in the representation and control
of suprasegmental features. The Gradient Order DIVA (GODIVA) model is an extension of the
DIVA model that incorporates mechanisms for the planning and sequencing of multisyllabic
utterances. These mechanisms include metrical structure, stress patterns, and the temporal
coordination of speech units (see Bohland et al., 2010; Tourville & Guenther, 2011). Recent
advancements in the field have enabled the representation of spectral prosodic features, such
as pitch, as auditory targets. This development constitutes a significant extension of the DIVA
(LaDIVA) framework, as it now encompasses the modeling of pitch control and adaptation within
an auditory feedback paradigm (Weerathunge et al., 2022). In contrast, temporal cues, such as
pauses and the lengthening of segments, are not represented as explicit auditory targets. Instead,
they are primarily implemented via GODIVA’s metrical and initiation maps, which govern the
timing and release of speech units and reflect structural constraints of the prosodic system,
rather than fine-grained auditory templates. Suprasegmental cues, thus, do not take the form
of discrete symbolic representations. Rather, they are emergent control states that constrain the

coordination of multiple acoustic features over time.

This representational asymmetry carries direct implications for the nature of PP-links.
For spectral cues, such as pitch, higher auditory-perceptual acuity may facilitate more precise
auditory goals and more flexible online correction. For temporal cues, however, the underlying
mechanisms linking acuity and production are less well specified: these cues are primarily
implemented via feedforward sequencing mechanisms rather than explicit auditory targets, and
their production is further constrained by temporal irreversibility, placing greater emphasis on
motor planning and stability (e.g., Miller & Guenther, 2021; Oschkinat et al., 2022; Oschkinat
& Hoole, 2022). It is, therefore, hypothesized that prosodic PP-links will reflect an interaction
between auditory-perceptual acuity, motor stability, and the structural properties of the prosodic
system (e.g., prosodic hierarchy and cue-specific temporal constraints), and, consequently, that

they are cue-specific in nature.



1.3 Prosody and syntactic disambiguation

Prosody plays a crucial role in speech comprehension by resolving structural ambiguities in
sentences (e.g., Frazier et al., 2006). For example, in the structurally ambiguous sentence She
will visit Berlin or Rome and Vienna, a prosodic break after Berlin leads listeners to interpret it as
‘She will visit (Berlin) or (Rome and Vienna)’, whereas a break after Rome yields ‘She will visit
(Berlin or Rome) and (Vienna)’. Prosodic boundaries, thus, provide listeners with critical parsing

information through variations in spectral and temporal boundary cues.

Coordinate name sequences have been used to systematically study how speakers use prosody
to distinguish between different structural groupings (e.g., Huttenlauch et al., 2021; Kentner &
Féry, 2013; Petrone et al., 2017; Schubo et al., 2023). For instance, in response to a question like

“Who is coming to the event?”, speakers might produce:

@8] German: Bracket condition, with an internal prosodic boundary after Name2
(Moni und Lilli) || und Manu.
‘Moni and Lilli, and Manu.’

(Namel und Name?2) || und Name3.
‘Namel and Name2, and Name3.’

(2) German: No-bracket condition, without an internal prosodic boundary
Moni und Lilli und Manu.
‘Moni and Lilli and Manu.’

Namel und Name2 und Name3.
‘Namel and Name2 and Name3.’

In the bracket stimulus condition (1), a prosodic boundary following the second name, denoted
here by ||, establishes a subgroup, suggesting that Moni and Lilli are arriving as a pair, separate
from Manu. In the no-bracket stimulus condition (2), without this boundary, the implication is
that all three are arriving collectively. The distinction in meaning relies entirely on the internal

prosodic boundary, as the underlying words remain the same in both cases.

To mark prosodic boundaries in coordinated name sequences, German speakers reliably use
a combination of prosodic boundary cues, most prominently pitch range, silent pause, and final
lengthening (e.g., Huttenlauch et al., 2021; Kentner & Féry, 2013; Petrone et al., 2017; Schubo
et al., 2023). These cues differ systematically in their perceptual salience and functional role.
Pauses typically elicit sharp, categorical boundary judgments and are particularly informative at
strong boundaries, whereas pitch and final lengthening seem to have more gradient effects and
interact with boundary strength and contextual expectations (e.g., Petrone et al., 2017; Pijper &
Sanderman, 1994).



Cross-linguistic evidence further indicates that these cues are not functionally equivalent.
Pitch cues demonstrate the highest degree of cross-linguistic variability, with their weighting
and interpretation contingent on a language’s prosodic typology (e.g., stress-accented vs. tonal
systems) and communicative demands (e.g., Holzgrefe-Lang et al., 2016; Ortega-Llebaria &
Nagao, 2025; Yang et al., 2014). In the German language, pitch is a primary but flexible boundary
cue, contributing to both syntactic disambiguation and the expression of pragmatic or affective
meaning. It is often integrated with temporal cues rather than used in isolation (e.g., Holzgrefe-
Lang et al., 2016, 2018). Pauses, by contrast, represent a highly salient and largely language-
general segmentation cue, though their use is optional at weaker boundaries (e.g., Mdnnel &
Friederici, 2016; Pijper & Sanderman, 1994), while final lengthening constitutes a near universal
right-edge cue, robustly attested across languages and prosodic systems (e.g., Byrd et al., 2006;
Wightman et al., 1992).

1.4 Individual differences in prosodic perception and production

Huttenlauch et al. (2021) demonstrated that while speakers show high intra-individual consistency
in boundary marking, they differ from each other in their preferred prosodic boundary cue
combinations. Despite the presence of these inter-individual differences, listeners demonstrated
an ability to accurately recognize the intended prosodic groupings in over 95% of utterances,

suggesting the presence of robust compensation for speaker variability.

In a complementary perception study, Hansen et al. (2023) found significant inter-individual
variability in prosodic boundary perception. They presented the coordinated three-name stimuli
incrementally, syllable by syllable (e.g., Mi, Mimmi, Mimmi und, Mimmi und Ne, and so forth)
and listeners had to predict after each snippet if it would belong to a structure with or without a
prosodic boundary after the second name. Some listeners could exploit subtle prosodic boundary
cues very early — during the first name - to accurately predict upcoming syntactic grouping.
Others required more prosodic information, only making accurate predictions after hearing the
second name. This variation in early prosodic boundary cue sensitivity indicates that prosodic
parsing depends not only on acoustic input, but also on listener-specific auditory-perceptual
abilities.

These parallel findings of systematic inter-individual variation in both production and
perception are consistent with broader evidence that speakers encode prosodic meaning through
structured individual differences in prosodic boundary cue distributions. Xie et al. (2021)
elicited question-statement productions from English speakers and found substantial structured
variability in how different talkers used fO and duration to mark the contrast: some speakers
relied primarily on pitch rises, others used both pitch and lengthening, and, crucially, speakers
also differed in how consistently they produced these cues. The authors employed ideal observer

models that incorporated talker-specific distributional statistics of prosodic cues. These models,



which reflected both typical realizations and their spread, exhibited substantially superior
performance in comparison to models that only normalized for baseline pitch. In a subsequent
perceptual study, listeners rapidly adapted to talker-specific “prosodic dialects,” shifting their
categorization of identical utterance-final pitch contours as questions or statements after briefly
learning a new speaker’s prosodic patterns. Together, these findings demonstrate that prosodic
variability is structured and functionally meaningful: speakers produce systematic distributional

patterns that listeners track and exploit for more accurate interpretation.

Building on this evidence of systematic individual variation in prosodic processing, our
study investigates whether individual differences in perception predict individual differences in
production. This leads to our central research question: Does a PP-link for prosodic boundary cues
exist at the level of individual differences across participants? In other words, are participants
who demonstrate heightened perceptual sensitivity to prosodic boundary cues also those who

produce more distinctive and less variable prosodic boundaries?

Prior studies have demonstrated prosodic PP-links using perturbation paradigms (e.g.,
Oschkinat & Hoole, 2022; Patel et al., 2011), which revealed compensatory mechanisms in
prosodic control. However, because these paradigms rely on experimentally imposed feedback
manipulations, they may induce heightened speaker awareness and reactive strategies that
differ from those engaged during natural, communicative speech, potentially limiting their
generalizability (e.g., Dahl et al., 2024; Houde & Jordan, 1998; Tomassi et al., 2022). For instance,
the magnitude of adaptation to fO perturbations in linguistically neutral sustained vowels does
not correlate with that during sentence production, suggesting distinct mechanisms at play
in perturbation paradigms (Dahl et al., 2024), as compared to natural speech. Additionally,
perturbation paradigms often focus on immediate compensation for specific cues (e.g., fO shifts
or temporal alterations), underexploring baseline variability across multiple prosodic features or
the influence of moderators like attention. The current study, therefore, examines the PP-link in
a more ecologically valid context: speakers’ natural production of prosodic boundary cues (pitch
range, pause duration, and final lengthening) during syntactic disambiguation tasks, with and
without cognitive load. By incorporating all three primary prosodic boundary cues co-occurring
in the same stimuli, the present design preserves their natural integration. At the same time,
by analyzing each cue separately, we test how individual differences in auditory-perceptual
acuity relate to prosodic boundary cue production distinctiveness and variability under varying

cognitive load mimicking communicative demands (e.g., multitasking).

1.5 Testing the PP-link under cognitive load

While existing evidence suggests that prosodic PP-links are shaped by multiple interacting
factors, there is currently no unified account specifying how individual differences in auditory-

perceptual acuity map onto prosodic cue use. For segmental targets, the DIVA framework provides



a mechanistic account of how auditory-perceptual acuity shapes production precision: finer
auditory targets support more accurate error detection and more distinct articulatory patterns, a
prediction that is consistently supported by empirical evidence involving individual differences
(e.g., Perkell, 2012). The present study, therefore, adopts the segmental PP-link literature as a
principled baseline. This allows us to formulate testable predictions about whether auditory-

perceptual acuity similarly constrains the production of suprasegmental cues.

To test whether a PP-link exists at the prosodic level, we examined individual differences in
auditory-perceptual acuity and in the production of prosodic boundaries in coordinated three-
name sequences. In production, participants used prosody to disambiguate syntactic structure by
marking or omitting an internal prosodic boundary after the second name (bracket vs. no-bracket
stimulus condition). In perception, auditory-perceptual acuity was assessed independently, using
Just-Noticeable-Difference (JND) thresholds for detecting graded changes in the same acoustic
dimensions that function as prosodic boundary cues in production, namely, pitch range, pause

duration, and final lengthening.

Perception and production were linked at the level of individual differences and analyzed
using Bayesian distributional models that estimate both mean prosodic boundary cue realization
(reflecting production distinctiveness) and trial-to-trial variability (captured by the sigma
parameter, reflecting production variability). This modeling approach allows us to test not only
whether participants with better perception produce stronger prosodic contrasts, but also whether

they do so more or less variably across repetitions.

To examine individual differences in prosodic boundary production under varying processing
demands, we manipulated cognitive load during speech production by introducing a dual-task
condition, creating distinct low and high cognitive load conditions. According to Lindblom’s Hyper-
Hypo theory (Lindblom, 1990), speakers continuously trade off communicative clarity against
articulatory effort, depending on contextual demands. When cognitive resources are limited,
speakers tend to economize speech production, resulting in reduced articulatory precision or
attenuated prosodic marking, unless communicative demands require otherwise (e.g., Lindblom,
1990; Winkworth & Davis, 1997). In the present study, the dual-task manipulation served a
methodological purpose: it introduced controlled processing demands by drawing attentional
resources away from speech planning and execution under high cognitive load, without inducing
speech errors or breakdowns. Under these conditions, high cognitive load was expected to
increase trial-to-trial variability within participants (captured by the o parameter). High cognitive
load may also amplify differences between participants in their mean prosodic boundary cue
realization (captured by the u parameter), thereby creating a critical testing ground for examining
how auditory-perceptual acuity relates to production under varying speech processing demands.

While differences in variability under high cognitive load could also reflect general cognitive



advantages (e.g., superior multitasking ability), the present study focuses specifically on how

auditory-perceptual acuity modulates these effects.

Cognitive load was expected to interact with auditory-perceptual acuity in a cue-specific
manner. For spectral prosodic cues, such as pitch, which can be represented as auditory targets
within the DIVA framework, higher auditory-perceptual acuity was predicted to support more
precise auditory goal regions and more effective maintenance of informative prosodic marking
under load (e.g., Perkell, 2012; Tourville & Guenther, 2011). For temporal cues, such as pause
and final lengthening, which are implemented via sequencing mechanisms rather than explicit
auditory targets, the underlying mechanisms linking acuity and production are less well specified.
Here, we provisionally extend the same prediction derived from segmental research and treat
the presence or absence of PP-links for temporal cues as an empirical question, asking whether
production effects associated with auditory-perceptual acuity for spectral prosodic boundary

cues also appear for temporal prosodic boundary cues.

Finally, greater trial-to-trial variability in prosodic production would not necessarily reflect
imprecision or noise. In prosody, production variability can also arise from flexible weighting of
cues, in how they are combined, and from the fact that prosodic boundary cues serve multiple
functions in speech (e.g., Cole & Shattuck-Hufnagel, 2016; Kentner et al., 2023; Petrone et al.,
2017). From this perspective, individual differences in prosodic production variability may index
differences in how participants dynamically deploy multiple prosodic boundary cues under

varying contextual and processing demands, rather than differences in motor stability alone.

1.6 Aims and hypotheses

Building on prior evidence for individual differences in prosodic perception and production
(Hansen et al., 2023; Huttenlauch et al., 2021), the present study investigates whether auditory-
perceptual acuity for prosodic boundary cues predicts how those same cues are produced during

syntactic disambiguation, and whether this relationship is modulated by cognitive load.

We address two primary hypotheses, each targeting a distinct aspect of prosodic production:

Hypothesis 1 (H1): Effect of auditory-perceptual acuity on production distinctiveness.
Our first hypothesis concerns production distinctiveness. Operationally, distinctiveness refers
to the mean difference in prosodic boundary cue realization between stimulus conditions
(bracket vs. no-bracket), estimated by the model’s mean (i) parameter. For pitch range and final
lengthening, derived from segmental perception-production evidence, we hypothesize that
higher auditory-perceptual acuity is associated with greater production distinctiveness, that
is, larger mean differences between bracket and no-bracket productions, indicating stronger

acoustic separation to convey the different groupings. Because pauses are almost exclusively
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realized in bracket productions, pause analyses focus on bracket stimuli only (see 2.4.4). For
pauses, distinctiveness is, therefore, defined as pause duration within bracket stimuli rather
than as a difference across stimulus conditions. We hypothesize that higher auditory-percep-
tual acuity is associated with longer pauses, particularly under high cognitive load. For all
three prosodic boundary cues, we expect the relationship between auditory-perceptual acu-
ity and production distinctiveness to be more pronounced under high cognitive load, where

increased processing demands may amplify inter-individual differences.

Hypothesis 2 (H2): Effect of auditory-perceptual acuity on production variability. Our
second hypothesis concerns production variability. Operationally, production variability
refers to the trial-to-trial spread of prosodic boundary cue realizations within a participant,
captured by the model’s variability (o) parameter. For all three prosodic boundary cues, we
hypothesize that higher auditory-perceptual acuity is associated with lower production vari-
ability, that is, smaller o values in prosodic boundary cue realizations across repeated produc-
tions. This variability effect is expected across both cognitive load conditions, but should be
more pronounced under high cognitive load, where participants with lower auditory-percep-

tual acuity are predicted to show greater increases in production variability.

For pitch range and final lengthening, this hypothesis concerns whether auditory-perceptual
acuity modulates the difference in production variability between bracket and no-bracket
productions. For pause duration, it concerns production variability within bracket productions

only.

2. Methods and materials
This study was preregistered (https://osf.io/dvuw6).

21 Participants

Sixty native German speakers participated in the study, with a mean age of 24.78 years (standard
deviation, SD = 6.07, range: 18-49). The sample comprised 48 females and 12 males. No formal
a priori power analysis was conducted. The preregistered target sample size was determined
based on the sample sizes used in previous work in prosodic perception-production research
and was deemed sufficient to detect individual-differences effects (e.g., Hansen et al., 2023;
Huttenlauch et al., 2021; Martin et al., 2018; Oschkinat & Hoole, 2022). Participants were native
speakers of German without a history of speech or language disorders, hearing impairments,
or neurological or psychological conditions. They received either 40€ or 5 course credits for
completing two experimental sessions (approx. 2 hours each), scheduled on the same or separate
days, based on availability. The two experiments reported here were both conducted during the

first session.


https://osf.io/dvuw6

No participants were excluded based on the preregistered criterion for adaptive staircase
performance (Oschkinat et al., 2022). This criterion required JND thresholds to decrease
below 70% of the initial cue difference, indicating appropriate task engagement (for JND task
description and thresholds, see 2.3.2). However, following data inspection, some participants
exhibited extreme JND values, suggesting atypical or invalid response patterns (e.g., one
participant showed a JND for pitch that was more than 7 standard deviations above the group
mean). To address this issue, we excluded participants whose JND scores fell below the first
quartile (Q1) minus two times the interquartile range (IQR), or above the third quartile (Q3) plus
two times the IQR. This led to the exclusion of three participants from the pitch model, leaving
N = 57, and two from the pause model, leaving N = 58. No exclusions were made for the final

lengthening model.

2.2 General procedure

Participants were tested individually in a sound-attenuated booth. Visual stimuli were presented
ona 1080 x 1920 pixel monitor, with keyboard input used to record responses for the perception
task. For the production task, verbal responses were recorded at a 48 kHz sampling rate, using
a Beyerdynamic DT-297 headset (80 Ohm headphones, 300 Ohm condenser mic, 5 cm distance
from chin), connected to a Focusrite Scarlett 18i8 audio interface. All experimental procedures
were controlled by custom Python 3.8 scripts (PyCharm, Windows 10).

2.3 Perception: JND task
2.3.1 Stimuli

To assess auditory-perceptual acuity for acoustic dimensions that serve as prosodic boundary cues
in production, we constructed three independent acoustic continua targeting pitch range, pause
duration, and final lengthening. For brevity, we refer to these acoustic dimensions as prosodic
boundary cues throughout, recognizing that their cue status depends on functional deployment
in context. Crucially, while these cues are typically associated with boundary marking, the JND
task itself was not designed to test boundary perception. Instead, it quantified listeners’ sensitivity

to graded changes in the underlying acoustic dimensions themselves.

All continua were derived from original speech recordings previously used in a perception
study by de Beer et al. (2022). In that study, a phonetically trained female speaker produced
coordinated three-name sequences with systematically varied prosodic realizations. From this
corpus, we selected tokens that exhibited the strongest acoustic realization of each prosodic
boundary cue. Specifically, we identified the (separate) instances in which (a) the pitch range
between the stressed and unstressed syllables of Name2 was maximal, (b) a clear and long silent
interval followed Name2, and (c) the final segment of Name2 showed maximal lengthening.

Since the maximal realization of each prosodic boundary cue occurred in different three-name

1
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sequences within this corpus, the base stimulus for each continuum was drawn from a different

three-name sequence.

These segments with maximal prosodic boundary cue realization were then extracted and
served as the base stimuli for the construction of three JND continua, using custom Praat scripts
(Boersma & Weenink, 1992-2020). Each continuum ranged from the clearly (maximally) cued
stimulus to a minimally cued reference stimulus, thereby spanning a graded decrease in the
magnitude of the manipulated acoustic feature (and, thus, in the typical acoustic realization
associated with boundary marking). Each continuum spanned from the original recording
including the maximal realization of the targeted prosodic boundary cue to a version of the
same recording manipulated to have the minimal realization of the targeted prosodic boundary
cue. All intermediate steps consisted of systematically attenuated versions covering the range

between these endpoints.

Pitch range continuum: The pitch continuum was based on the Name2 token Nelli (from the
sequence Mimmi und Nelli || und Lola.), produced with a pitch range of 13 semitones. This rising
contour was gradually flattened from 13 to 0 semitones in steps of 0.005 semitones, yielding a

fully level contour as the reference stimulus.

Pause duration continuum: For the pause continuum, we used the phrase Name2 und Name3
(Lilli [PAUSE] und Lisa, from the sequence Moni und Lilli || und Lisa.), which contained a silent
interval of 550 ms following Lilli. The pause duration was reduced in 1 ms increments from 550

ms to 0 ms, with the endpoint representing a stimulus without any pause.

Final lengthening continuum: The final lengthening continuum was constructed from the
Name2 token Mimmi (from the sequence Leni und Mimmi || und Manu.), in which the final vowel
had a duration of 225 ms (approximately half of the total word duration). This segment was
progressively shortened in steps of 0.3 ms until a duration of 61 ms was reached, resulting in

approximately equal syllable durations and, thus, minimal perceptual lengthening.

2.3.2 Procedure

Auditory-perceptual acuity thresholds for each prosodic boundary cue continuum were obtained,
using an AXB discrimination task combined with an adaptive staircase procedure (adapted from
Smith et al., 2020). Each participant completed three separate JND tasks, one for each prosodic
boundary cue (pitch range, pause duration, final lengthening). The task order was randomized
across participants. At the beginning of each task, participants completed a brief practice phase
with visual accuracy feedback until they produced four consecutive correct responses. No

feedback was provided during the experimental phase.

Trial structure: Each trial consisted of an AXB stimulus sequence (either AAB or ABB), with
an inter-stimulus interval of 500 ms. Across trials, participants heard two types of tokens: a



reference stimulus with minimal or absent cue expression (0 semitones pitch range, 0 ms pause
duration, or 61 ms final lengthening) and a comparison stimulus drawn from the respective
prosodic boundary cue continuum. The acoustic distance between reference and comparison,
referred to here as the cue difference, determined task difficulty: larger cue differences
yielded easier discrimination, while progressively smaller cue differences probed listeners’

discrimination limits.

The order of reference and comparison tokens was randomized across trials, resulting in
sequences containing either two identical reference tokens and one comparison token, or vice
versa. Participants indicated which stimulus was different by pressing the right arrow key for AAB
sequences and the left arrow key for ABB sequences. Visual response prompts remained visible
until a response was made, and depicted arrow icons alongside schematic stimulus patterns (with

“A” boxes shown in green and “B” boxes in black).

Adaptive staircase: With the adaptive staircase procedure, we adjusted cue differences on
a trial-by-trial basis to converge on each participant’s discrimination threshold, defined as the
smallest reliably detectable acoustic difference. All staircases started with the maximum available
cue difference, to ensure initial discriminability (13 semitones for pitch range, 550 ms for pause
duration, and 164 ms for final lengthening). Following each response, cue differences were
modified as a function of performance: correct responses reduced the cue difference, whereas

incorrect responses increased it.

Step sizes, defined as the amount by which the cue difference between reference and
comparison stimuli was increased or decreased from one trial to the next, decreased progressively
over the course of the staircase. Large initial step sizes enabled rapid movement toward the
participant’s approximate threshold region, while smaller later step sizes allowed fine-grained
estimation. Step sizes ranged from 0.75 to 0.005 semitones for pitch range, from 30 to 1 ms for

pause duration, and from 7.5 to 0.3 ms for final lengthening.

At the beginning of each staircase, a 1-down-1-up adjustment rule was used to promote
rapid convergence toward the threshold region. After the first incorrect response, the procedure
switched to a 2-down-1-up rule, such that two consecutive correct responses were required to
decrease the cue difference, whereas a single incorrect response was sufficient to increase it.
This asymmetric update rule converges on a performance level of approximately 71% correct
responses (Levitt, 1971), a threshold determined by the balance of probabilities of upward
and downward step adjustments in a 2-down-1-up staircase: at equilibrium, the probability of
decreasing the cue difference (requiring two consecutive correct responses, with probability p?)
equals the probability of increasing it (1 —p?), yielding p =+/1/2 a 0.707. This value represents
the cue difference, where discrimination is achieved with about 71% accuracy, providing a stable

estimate of the perceptual threshold, while avoiding ceiling (near 100% performance) and floor
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(near chance) effects that could bias measurements. A reversal was defined as a change in the
direction of cue difference adjustment (from increasing to decreasing or vice versa). Each task
terminated after 120 trials or 18 reversals, whichever occurred first. Threshold estimation was

based on the sequence of reversal points, as described below.

2.3.3 Data pre-processing

For each prosodic boundary cue, the JND threshold was computed as the mean of the six most
stable consecutive reversal points, operationalized as the set of six adjacent reversals with the
lowest standard deviation (Brunner et al., 2011; Oschkinat et al., 2022). These values represent
the smallest acoustic differences participants could reliably discriminate, with lower raw

thresholds indicating better auditory-perceptual acuity.

To facilitate interpretation and ensure consistency across analyses, raw JND thresholds were
z-scored and sign-reversed, such that higher values correspond to better auditory-perceptual
acuity. These transformed measures are referred to throughout as pitch acuity, pause acuity, and
final lengthening acuity, reflecting participants’ standardized auditory-perceptual acuity for each
prosodic boundary cue. Figure 1 illustrates the distributions of raw JND thresholds in their

original measurement units for each prosodic boundary cue.

Just-Noticeable-Difference (JND) thresholds
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Figure 1: Distribution of individual JND thresholds for each prosodic boundary cue. Panels
show raw JND thresholds in native units (ms for pause and final lengthening, semitones for
pitch). Only data from analyzed participants are shown (n = 57 pitch, n = 58 pause, n = 60
final lengthening).



2.4 Production: Cognitive load task
2.4 Stimuli

The production task used 24 written name sequences arranged in coordinate structures that have
been employed in prior production and perception research (de Beer et al., 2022; Hansen et al.,
2023; Huttenlauch et al., 2021). Each sequence consisted of three disyllabic German names. The
first two names consistently ended in the vowel /i/ (Moni, Lilli, Leni, Nelli, Mimmi, Manni), while
the third name ended in either /u/ or /a/ (Manu, Nina, Lola).

Stimuli were balanced across two conditions. In the bracket stimulus condition (12 items),
parentheses indicated a prosodic boundary after the second name (e.g., (Moni und Lilli) und
Manu). In the no-bracket stimulus condition (12 items), the same sequences were presented

without grouping markers (e.g., Moni und Lilli und Manu).

2.4.2 Procedure

Participants read aloud written name sequences under two cognitive load conditions: (i) a low
cognitive load (single task) condition, involving only the reading task, and (ii) a high cognitive

load (dual-task) condition, designed to increase cognitive load by adding two concurrent tasks.

Each trial began with the prompt Wer kommt? (‘Who’s coming?’) displayed for 1 second,
followed by a 1-second fixation cross. The name sequence then appeared for 5.8 seconds (350

frames), during which participants read the sequence aloud.

In the high cognitive load condition, participants simultaneously performed (a) a tone-
counting task and (b) a motion-tracking task while reading. Each trial featured a sequence of
approximately 23 tones (0.2 s duration, 0.58 s inter-stimulus-intervals) spanning the entire trial
(~20 s). Tones were played before the name sequence appeared on screen, were then suspended
during the reading phase (from 0.2 seconds before to 0.2 seconds after presenting the name
sequence on the screen, to avoid auditory interference), and resumed afterward. During the
reading phase, 500 moving dots (50% coherent motion in one of four directions: up, down, left,
or right) were superimposed on the name sequence for 4.2 seconds. Participants had to track the

motion direction while reading aloud.

Each trial, therefore, consisted of three phases: an initial tone-counting phase, a dual-task
reading and motion-tracking phase, and a final tone-counting phase. The tone-counting task
involved detecting and counting high-pitched deviant tones (octave 5 “A” notes) embedded
among standard mid-pitched tones (octave 5 “C” notes), with 3-10 deviants randomly distributed
across the initial and final phases of each trial (at least three overall). After each trial, participants
provided two responses using arrow keys. First, they reported the perceived motion direction
(selecting from four directional options). Second, they reported the cumulative count of deviant
tones heard across both tone-counting phases, selecting from four numeric options (the correct

count and three distractors within *3).
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Both cognitive load conditions included a practice phase. In each cognitive load condition,
participants read aloud four practice stimuli: two bracket and two no-bracket items (featuring
name sequences not used in the test phase). The low load practice phase served only to familiarize
participants with the reading task and recording setup. No trial-by-trial performance feedback
was provided. The high load practice phase used the same reading task, but additionally included
the secondary tasks, that is, tone-counting and motion-tracking. For these secondary tasks,
participants received automated on-screen accuracy feedback (“correct answer”/“incorrect

answer”).

The main experiment comprised 24 trials under each cognitive load condition (12 bracket,
12 no-bracket stimuli each). Participants always completed the low cognitive load task first,
followed by the high cognitive load task. No trial-by-trial performance feedback was provided
during the main experimental blocks. Any feedback was restricted to the practice phase of the
high cognitive load condition. Stimulus order was randomized. In high load trials, the name
sequence onset, motion-tracking start time, deviant-tone distribution and number, and numeric

response options were all randomized.

The two secondary tasks were selected to impose a significant cognitive load without inducing
speech errors or articulatory distortions, as was verified during the pilot study. The motion-
tracking task draws on visuospatial processing, rather than linguistic processing, with difficulty
being parametrically controlled via dot motion coherence (e.g., Lively et al., 1993; Newsome et
al., 1989; Révész et al., 2016), while sustained auditory attention and working memory are taxed
by the tone-counting task (e.g., Brown, 2025; Harmon et al., 2019). Together, these tasks draw on
distinct resource pools that do not directly compete with phonological, prosodic or articulatory

processing, which is consistent with the theory of multiple resources (Wickens, 2008).

2.4.3 Data pre-processing

Data preparation and segmentation. Participant productions were automatically segmented
using the Montreal Forced Aligner (McAuliffe et al., 2017) with a custom German dictionary.
Trained research assistants then manually verified and corrected all segmentations. This manual
verification process involved checking segmentation boundaries and correcting any mislabeled
segments, including distinguishing between actual pauses and other phenomena, such as
hesitations or stop closures. All pre-processing scripts are available in the Audio Analysis Pre-
processing Scripts component of the OSF website for this article (https://osf.io/3ykhd/).
Extraction of prosodic boundary cues. Segment durations and pitch information were

extracted using Praat scripts (Boersma & Weenink, 1992-2020) and logged in CSV files for

further analysis:


https://osf.io/3ykhd/

Pitch range: The fO range between the two syllables of the second name was calculated based
on fO at the Center of Periodic Mass (CoM), extracted using the ProPer toolbox (see Albert,
2023). First, the fO value at the CoM was identified for each syllable separately. Second, the
larger value was indexed as fO,,_, and the smaller as {0, . Pitch range was then calculated as the

ratio of fO,_to fO,, at CoM, and transformed into semitones using the formula:

FOhan

Min

Pitchrange =12 x log, [

Pause duration: The duration of the silent interval after the second name was measured in
milliseconds. For recordings without a pause, the duration was automatically coded as 0 ms.
Hesitations and stop closures that were incorrectly labeled as pauses by the automatic aligner were

manually recategorized during the verification process and not included in pause measurements.

Final lengthening: The duration of the final vowel segment of the second name was measured

in milliseconds.

We analyzed pause duration and final lengthening in milliseconds, rather than as ratios, as
originally preregistered. This decision was based on three considerations: (i) both measures were
highly correlated with their ratio-based counterparts (r > .87), (ii) raw duration values can
be directly analyzed without transformation by regression models that assume a lognormal
response distribution, and (iii) raw values are more interpretable and can be more easily compared
across participants and tasks. This change does not affect the core hypotheses or conclusions.
Additionally, while we used the term fO rise in the preregistration (following Huttenlauch et
al., 2021), we use pitch range here to refer to the local fO range between syllables, which better
reflects the full range of contour shapes (rises, falls, mixed) used to signal prosodic boundaries
(see Petrone et al., 2017).

2.4.4 Data exclusion

Data exclusion overall. From the total dataset, eight recordings (0.3%) were excluded, due
to being incomplete, unintelligible, or of poor quality (e.g., background noise, excessive errors,
or timing issues), or because reliable fO measurements could not be obtained, due to issues like
creaky voice or glottalization. These exclusion criteria were applied uniformly across all prosodic

boundary cues and cognitive load task conditions, leaving 2872 recordings for the final analysis.

Data exclusion on pause usage. As expected, we found that across stimulus conditions,
pauses were primarily employed in the bracket stimulus condition, when needed to mark the
prosodic boundary. In the no-bracket stimulus condition, only 14% of recordings (200 out of
1388) contained pauses. Conversely, in the bracket stimulus condition, 92.7% of recordings

contained pauses, and only 7.3% (101 recordings) did not. Given this disparity, we focused our



18

pause duration analysis exclusively on bracket stimuli, where pause usage serves a meaningful
prosodic function. This approach mirrors the findings and analysis of Huttenlauch et al. (2021),

who observed a similar pattern.

2.5 Additional perception check for validation

To validate the perceptibility of the produced prosodic boundaries, we conducted a perception
check using naive listeners. Seven student labelers, unfamiliar with the study, listened to all
recordings from the cognitive load production task in randomized order and categorized each
as either bracket or no-bracket based on the perceived prosodic grouping. Labelers could replay
recordings as needed and could also choose a “cannot determine” option for ambiguous cases.

Response buttons were randomized but consistent for each labeler.

We modeled the perception data using a Bayesian multilevel logistic regression with
a binomial outcome (correct/incorrect identification; “cannot determine” responses were
excluded). The model included fixed effects for recording origin (high vs. low cognitive load),
stimulus condition (bracket vs. no-bracket), and their interaction. We included by-subject and
by-item random intercepts and slopes for all fixed effects. This approach allowed us to quantify
how accurately listeners identified the presence vs. absence of an internal prosodic boundary and

to determine whether identification was affected by cognitive load.

The perception check revealed high disambiguation accuracy across stimulus conditions, with
naive listeners correctly identifying the intended prosodic boundaries in over 90% of recordings.
For recordings from the low cognitive load condition, accuracy was particularly high: 95.7% for
bracket stimuli and 95.4% for no-bracket stimuli. While accuracy remained robust for recordings
from the high cognitive load condition, it showed a slight decrease, to 90.3% for bracket stimuli
and 93.0% for no-bracket stimuli. Ambiguity was rare across all stimulus conditions, with only

0.3-0.4% of recordings receiving “cannot determine” responses.

Bayesian multilevel logistic regression analysis revealed an effect of cognitive load on
boundary identification accuracy (b = -0.456 log-odds, 95% credible interval (CI) [-0.774,
—-0.141]), indicating that prosodic boundaries were less accurately identified in recordings
produced under high cognitive load than under low cognitive load. This corresponds to a 3.1
percentage point decrease in accuracy (low load: 97.8% vs. high load: 94.7%, estimated marginal
means averaged across stimulus condition and random effects). We found no effect of stimulus
condition (b = 0.0981 log-odds, 95% CI [-0.354, 0.546]), suggesting similar perceptibility for
bracket and no-bracket productions. Also, no interaction between cognitive load and stimulus
condition was observed (b = 0.012 log-odds, 95% CI [-0.503, 0.541]).

These findings confirm that participants successfully produced perceptually meaningful
prosodic boundaries, with cognitive load creating detectable but relatively modest reductions in

communicative effectiveness.



3. Statistical modeling

The statistical models were fit within a Bayesian framework, which allows combining prior
information with data to generate posterior distributions for each parameter (Vasishth et al.,
2018; Verissimo, 2024). Bayesian mixed-effects distributional regression models were used via the
brms package with RStan (Buerkner, 2018; Stan Development Team, 2020) to examine how the
three prosodic boundary cues (pitch range, pause duration, final lengthening) related to auditory-
perceptual acuity under varying cognitive loads. Unlike traditional regression approaches that
focus solely on mean differences, distributional regression models estimate both mean prosodic
boundary cue realization, modeled by a location parameter for the mean (i), and trial-to-trial
variability in prosodic boundary cue realization, modeled by a sigma parameter (0). In the
present study, u captures production distinctiveness, whereas o captures production variability,
with lower o indicating lower production variability. This approach aligns with recommendations
to move beyond models that estimate only mean differences to capture how individuals differ

not only in magnitude but also in consistency of cognitive processes (Ciaccio & Verissimo, 2022).

For each prosodic boundary cue, we used a model tailored to the response variable’s
distribution. Pitch range was modeled with a Gaussian distribution, appropriate for semitone-scale
measurements. Pause duration (modeled only for bracket stimuli) required a hurdle-lognormal
model: the hurdle component captured zero outcomes (no pauses, i.e., pause duration = 0),
while the 1lognormal component modeled positive durations in bracket stimulus productions,
where pauses serve a boundary-marking function (see 2.4.4). Final lengthening was modeled
using a lognormal distribution. Both pause duration and final lengthening employed lognormal
distributions, because their values are strictly positive and exhibit positively skewed distributions
(Ciaccio & Verissimo, 2022).

All dependent variables in the models are the acoustic feature measures of the prosodic boundary
cues derived from the production task; auditory-perceptual acuity enters the models exclusively as
a between-participants perception predictor derived from the independent JND perception tasks.
The fixed effects in all models included stimulus condition (bracket vs. no-bracket) and cognitive
load (high vs. low), both coded using sum contrasts (e.g., bracket/high load = + 0.5; no-bracket/
low load = -0.5). This contrast coding ensures that effects and interactions are interpreted at the
mean of other predictors (i.e., averaged across their levels), rather than at a specific reference
level. Additionally, we fitted models with nested contrasts to follow up on interactions between
stimulus condition and cognitive load (Schad et al., 2020). All models included z-scored auditory-

perceptual acuity scores (pitch acuity, pause acuity, final lengthening acuity).

We implemented a maximal random effects structure (Barr et al., 2013). Random effects
included random intercepts for subjects and items, random slopes for stimulus condition and
cognitive load for subjects and items, and random slopes for acuity scores for items only (as

acuity is a between-participants measure). As preregistered, no random effects were included for
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the residual variability (sigma) component, because models with random effects on sigma take
considerably longer to run, do not converge as easily, and we likely do not have sufficient data
to estimate those parameters reliably (Bates et al., 2015). We implemented weakly-informative
priors centered around zero on all parameters, following current recommendations (Gelman et
al., 2008; J. Ghosh et al., 2018; McElreath, 2020; Vasishth et al., 2018). For intercept priors, we
incorporated empirical data from Huttenlauch et al. (2021). The prior specifications were chosen
to rule out only unreasonably extreme values, while still allowing large effects in either direction,
as informed by the data. The appropriateness of these priors was confirmed through prior
predictive checks. Prior specifications are provided in 1.1 (Prior distributions for all parameter
estimates in the Bayesian distributional models) in the Supplementary Materials (page 2, https://
doi.org/10.17605/0SF.I0/KQHMT).

The distributional models can be summarized schematically as follows, where X denotes the

full factorial expansion, including all lower-order terms:

Pitch range model (Gaussian):

Pitch range, ~ N (/“ij:%)
u; = p, + Stimulus condition x Cognitive load x Pitch acuity
+ (1 + Stimulus condition x Cognitive load x Pitch acuity | Participanti) (E1)
+ (1 + Stimulus condition x Cognitive load x Pitch acuity | Itemj)

log(aij) =y, + Stimulus condition x Cognitive load x Pitch acuity

Pause duration model (hurdle-lognormal, bracket only, no stimulus condition contrast):

Pr (Pauseij > O)z logit™ (ao + Cognitive load x Pause acuity)

Pause duration, | Pause; > 0 ~ lognormal ( ,uij,aij)

u; = B, + Cognitive load x Pause acuity (E2)
+ (1 + Cognitive load | Participanti)
+ (1 + Cognitive load x Pause acuity | Itemj)
log(aij) = 7, + Cognitive load x Pause acuity
Final lengthening model (lognormal):
Final lengthening, ~ lognormal ( Hys %—)
#; = B, + Stimulus condition x Cognitive load x Final lengthening acuity
+ (1 + Stimulus condition x Cognitive load | Participanti) (E3)

+ (1 + Stimulus condition x Cognitive load x Final lengthening acuity | Itemj)

log(o-i],>: 7, + Stimulus condition x Cognitive load x Final lengthening acuity
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The fixed effects in both p and o follow the same predictor structure, so effects on both
parameters can be interpreted in parallel. A stimulus condition effect captures whether bracket
and no-bracket productions differ in mean prosodic boundary cue realization (u) or in trial-to-
trial variability (o, the spread of realizations across trials within bracket vs. within no-bracket).
The interaction between stimulus condition and auditory-perceptual acuity shows whether this
bracket/no-bracket difference varies with individual perceptual ability. Finally, the three-way
interaction with cognitive load shows whether this modulation by auditory-perceptual acuity

itself changes between low and high cognitive load.

Hypothesis testing was performed using Bayes factors, which quantify the strength of
evidence for an effect by comparing an alternative model (including the effect) to a null model
(excluding the effect). Since Bayes factors can be sensitive to prior specifications, we conducted
a sensitivity analysis with five different prior configurations, ranging from narrower (moderately
and strongly informative) to wider (moderately wide and wide) settings, compared to our default
weakly-informative priors. The natural logarithm of the Bayes factor (InBF,)) was calculated
using the Savage-Dickey method (Dickey & Lientz, 1970; Wagenmakers et al., 2010). In this
scale, natural-logged Bayes factors greater than 1 provide evidence for the alternative hypothesis,
and values below -1 provide evidence for the null hypothesis, with values between -1 and 1
considered inconclusive or weak (Kass & Raftery, 1995; Verissimo, 2024). Natural-logged Bayes
factors greater than 3 are interpreted as strong evidence against the null hypothesis (see Jeffreys,
1991; Kass & Raftery, 1995).

Model convergence was assessed using R-hat values, effective sample size, and visual
inspection of trace plots. Additionally, posterior predictive checks were conducted, to evaluate

model fit to the observed data distribution.

4, Results

We report the main perception-production analyses separately for each prosodic boundary cue:
pitch range, pause duration, and final lengthening. We first report effects involving production
distinctiveness (mean, g; H1) and then effects involving production variability (sigma, o;
H2). For pitch range and final lengthening, production distinctiveness refers to the difference in
mean cue realization between bracket and no-bracket productions. Production variability refers
to the difference in trial-to-trial variability of cue realizations between bracket and no-bracket

productions.

For pause duration, analyses focus on bracket productions only, because pauses were almost
absent in no-bracket productions. Thus, pause distinctiveness (H1) refers to mean pause duration
within bracket productions, and pause variability (H2) refers to the trial-to-trial variability of

pause durations within bracket productions.
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All o estimates, their credible intervals, and Bayes factors are reported on the back-
transformed SD scale of each dependent variable, while the raw log-scale estimates are provided
in the Supplementary Materials (page 3 for pitch range, page 10 for pause duration, page 18 for
final lengthening; https://doi.org/10.17605/0SF.I0/KQHMT).

Effects are reported when their natural-logged Bayes factors (InBF, ) exceed 1 in the base
model with weakly-informative priors and show consistent patterns across the sensitivity analyses
with different prior specifications. The evidence strength for such effects is characterized as
moderate when InBF,, > 1, and strong when InBF,, > 3. Effects with InBF, values between 0
and 1 are reported as suggestive but inconclusive, reflecting limited evidence that is insufficient
to clearly favor either the null or the alternative hypothesis. Such effects indicate directional
tendencies in the data, but should not be interpreted as robust support for the corresponding
hypothesis. We, nevertheless, report such effects when they become stronger under narrower

priors or when follow-up analyses reveal simple effects with InBF,, > 1.

41 Pitch range

Full fixed-effects tables, posterior distribution plots for both mean (i) and variability (sigma, 0)
parameters, and prior sensitivity analyses for the pitch range models are reported in 1.2 (Pitch
range) in the Supplementary Materials (pages 3-8, https://doi.org/10.17605/0SF.I0/KQHMT).

412 Pitch range distinctiveness

We found suggestive evidence that pitch acuity (perception) modulated pitch range distinctiveness,
that is, how strongly participants used pitch range to distinguish bracket productions from
no-bracket productions, depending on their pitch acuity and averaged across cognitive load
conditions (stimulus condition X pitch acuity interaction on the mean: b = 0.363 semitones,
95% CI [0.035, 0.688], InBF,, = 0.59). The evidence for this effect strengthened to moderate
levels under narrower prior specifications (InBF,, up to 1.03). All participants used a higher pitch
range in bracket productions than no-bracket productions, but the size of this difference varied
with pitch acuity. As illustrated in Figure 2, participants at the upper end of the pitch acuity
range (+ 1 SD) produced a bracket/no-bracket pitch range difference of 3.193 semitones (95% CI
[2.710, 3.673], InBF,, > 23), compared to 1.915 semitones (95% CI [1.057, 2.788], InBF,, =
5.80) for participants at the lower end (-2.5 SD).

To understand where this interaction originates, we examined the effect of pitch acuity
separately within each stimulus condition. In bracket productions, the regression line has a
positive slope: pitch range increased with pitch acuity, meaning that participants with higher
pitch acuity used a higher pitch range when marking a boundary than participants with lower
pitch acuity, though the evidence for this relationship was only suggestive (b = 0.407 semitones,
95% CI [-0.002, 0.817], InBF,, = 0.25). In no-bracket productions, by contrast, the regression
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line is nearly flat: pitch range was unrelated to pitch acuity (b = 0.044 semitones, 95% CI
[-0.221, 0.313], InBF,, = -2.1), meaning that all participants produced similarly lower pitch
ranges when no boundary was to be marked, regardless of their pitch acuity. This asymmetry in
slopes is visually apparent in Figure 2. However, given the limited evidence for the simple effect
in bracket productions, the magnitude of this association is likely small and should be interpreted

with caution.

Distinctiveness (Mean): Stimulus condition x pitch acuity

Averaged across coghnitive load conditions
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Figure 2: Predicted mean pitch range (in semitones) as a function of pitch acuity (z-scored;
higher values indicate better auditory-perceptual discrimination), averaged across cognitive
load conditions. The plot illustrates pitch range distinctiveness (mean), that is, how strongly
participants used pitch range to distinguish bracket from no-bracket productions across the pitch
acuity range. Regression lines represent posterior mean estimates, with shaded bands indicating
68% (darker) and 95% (lighter) credible intervals. Yellow lines correspond to bracket stimuli,
and green lines correspond to no-bracket stimuli.

Finally, cognitive load did not modulate the relationship between pitch acuity and the pitch
range difference between bracket and no-bracket productions (stimulus condition X cognitive
load X pitch acuity interaction on the mean: b = 0.187 semitones, 95% CI [-0.097, 0.473],

InBF,, = -1.09, evidence for the null), consistent with the visual pattern in Figure 2.

4.2 Pitch range variability

We found moderate evidence that pitch acuity (perception) modulated pitch range variability
(sigma, 0) differently across cognitive load conditions (stimulus condition X cognitive load
X pitch acuity interaction on sigma: b = 0.130 SD semitones, 95% CI [0.021, 0.238], InBF
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= 1.10). Here, variability refers to how much each individual participant’s own pitch range
fluctuated from trial to trial. The three-way interaction indicates that how much more a given
participant’s pitch range varied trial-to-trial in bracket productions compared to no-bracket

productions, depended on both their pitch acuity and the cognitive load condition, as illustrated

in Figure 3.
Variability (sigma): Stimulus condition x cognitive load x pitch acuity
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Figure 3: Predicted pitch range variability (sigma; SD of semitones, higher values indicate
greater trial-to-trial variability) as a function of pitch acuity (z-scored; higher values indicate
better auditory-perceptual acuity), stimulus condition (bracket vs. no-bracket), and cognitive
load (low vs. high). The plot illustrates how the bracket/no-bracket difference in trial-to-trial
pitch range variability scales with pitch acuity under each cognitive load condition. Regression
lines represent posterior estimates of sigma, with shaded bands indicating 68% (darker) and
95% (lighter) credible intervals. Yellow lines correspond to bracket stimuli, and green lines
correspond to no-bracket stimuli.

To understand where this interaction originates, we examined how pitch acuity related to
the bracket/no-bracket difference in trial-to-trial variability separately under each cognitive load

condition.

Under high cognitive load, pitch acuity strongly predicted differences between bracket and
no-bracket productions in trial-to-trial pitch range variability (b = 0.149 SD semitones, 95%
CI [0.071, 0.228], InBF,, = 4.68). This is visible in the right panel of Figure 3 as a divergence
between the two regression lines as pitch acuity increases: the bracket line has a positive slope,
while the no-bracket line remains nearly flat. Participants with higher pitch acuity (+1 SD)

showed considerably more trial-to-trial variability in pitch range during bracket productions



than during no-bracket productions (b = 0.411 SD semitones, 95% CI [0.283, 0.543], InBF,, >
23). This means, when marking a prosodic boundary under cognitive load, these participants
drew on a wider range of pitch range realizations across repeated trials. Participants with lower
pitch acuity (-2.5 SD), by contrast, showed no such difference in trial-to-trial variability between
bracket and no-bracket productions (b = -0.034 SD semitones, 95% CI [-0.187, 0.120], InBF,
= -2.01). In the right panel of Figure 3, this is visible at the lower end of the pitch acuity
range, where the bracket and no-bracket regression lines converge and overlap, indicating that
participants with lower pitch acuity showed similar trial-to-trial variability in both bracket and

no-bracket productions, regardless of whether a boundary needed to be marked.

Under low cognitive load, pitch acuity did not predict a difference between bracket and
no-bracket productions in trial-to-trial variability (b = 0.013 SD semitones, 95% CI [-0.068,
0.092], InBF,, = -2.07, evidence for the null). As visible in the left panel of Figure 3, both
regression lines have a positive slope and run in parallel. Participants with higher pitch acuity
showed greater trial-to-trial variability in pitch range overall, in both bracket and no-bracket
productions. The bracket/no-bracket difference in trial-to-trial variability was present across all
pitch acuity levels and did not scale with pitch acuity, in contrast to the pattern observed under

high cognitive load.

4.2 Pause duration

Complete model outputs for pause duration, including fixed effects for the lognormal and
hurdle components, posterior distributions, and prior sensitivity analyses, are reported in 1.3
(Pause duration) in the Supplementary Materials (pages 9-16, https://doi.org/10.17605/0SF.
I0/KQHMT).

4,21 Pause duration distinctiveness

We found no evidence that pause acuity (perception) modulated pause duration distinctiveness,
that is, how strongly participants used pause duration to mark a prosodic boundary, depending
on their pause acuity and averaged across cognitive load conditions. There was no main effect of
pause acuity on pause duration (b = -0.108 log-ms, 95% CI [-0.269, 0.058], InBF,, = -0.96),
and no interaction between cognitive load and pause acuity (b = -0.012 log-ms, 95% CI [-0.141,
0.117], InBF,, = -2.01). Participants produced pauses of similar duration, regardless of their

pause acuity.

Cognitive load did, however, strongly modulate pause duration (b = -0.277 log-ms, 95%
CI [-0.410, —0.143], InBF,, = 5.65). As illustrated in Figure 4, participants with average pause
acuity produced shorter pauses under high cognitive load than under low cognitive load. Given
the absence of an interaction between cognitive load and pause acuity, this reduction was

consistent across all pause acuity levels.
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Figure 4: Predicted mean pause duration (log-ms) as a function of cognitive load (low vs.
high), averaged across pause acuity. The plot illustrates how strongly participants used
pause duration to mark a prosodic boundary within bracket productions across cognitive
load conditions. Points and intervals represent posterior mean estimates, with shaded bands
indicating 68% (darker) and 95% (lighter) credible intervals.

4.2.2 Pause duration variability

We found moderate evidence that pause acuity (perception) modulated pause duration variability
(b = 0.027 SD log-ms, 95% CI [0.006, 0.049], InBF,, = 1.49). Here, variability refers to how
much each individual participant’s own pause duration fluctuated from trial to trial in bracket
productions only. As illustrated in panel A of Figure 5, the regression line has a positive slope:
participants with higher pause acuity showed greater trial-to-trial variability in pause duration

than participants with lower pause acuity.

We also found strong evidence that cognitive load modulated pause duration variability (b
= 0.093 SD log-ms, 95% CI [0.055, 0.131], InBF,, > 23). As illustrated in panel B of Figure 5,
participants with average pause acuity showed greater trial-to-trial variability in pause duration
under high cognitive load than under low cognitive load. Given the absence of an interaction

between cognitive load and pause acuity, this pattern held across all pause acuity levels.

These two effects were additive, rather than interactive. We found no evidence for an
interaction between cognitive load and pause acuity on trial-to-trial variability (b = 0.003 SD
log-ms, 95% CI [-0.039, 0.045], InBF,, = -1.06). That is, higher pause acuity was associated
with greater trial-to-trial variability in pause duration across both cognitive load conditions, and

high cognitive load increased trial-to-trial variability across all pause acuity levels.
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Figure 5: Predicted pause duration variability (sigma; SD of log-ms, higher values indicate
greater trial-to-trial variability) as a function of (A) pause acuity (z-scored; higher values
indicate better auditory-perceptual acuity), averaged across cognitive load conditions, and
(B) cognitive load (low vs. high), averaged across pause acuity. The plots illustrate how trial-
to-trial variability in pause duration relates to pause acuity and cognitive load within bracket
productions. Regression lines in Panel A and posterior intervals in Panel B represent posterior
estimates of sigma, with shaded bands indicating 68% (darker) and 95% (lighter) credible
intervals.

4.2.3 Pause usage (hurdle parameter)

As an exploratory analysis, we examined whether pause acuity and cognitive load predicted
whether participants used pauses at all to mark prosodic boundaries, independent of pause
duration. This was assessed using the hurdle component of the pause model, which estimates
the probability of producing no pause (i.e., a pause duration of zero). For ease of interpretation,
the results are reported as pause usage probabilities (1 — hurdle probability). This analysis was

not preregistered.

We found no evidence that the relationship between pause acuity and pause usage differed
across cognitive load conditions (cognitive load X pause acuity interaction on hurdle: b =
-0.357 log-odds, 95% CI [-0.884, 0.147], InBF,, = -0.43, Bayes factors consistently favored, or
tended toward, the null). Pause acuity did, however, predict pause usage. We found moderate
evidence that higher pause acuity was associated with a higher probability of producing no pauses,
and, thus, with reduced pause usage across all cognitive load conditions (b = 0.403 log-odds,
95% CI [0.146, 0.672], InBF,, = 2.56). As illustrated in Panel A of Figure 6, the regression line
has a negative slope: participants at the lower end of the pause acuity range (2.3 SD) used pauses

in 96.21% of bracket productions, compared to 87.18% for participants at the upper end (+ 2 SD).
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Figure 6: Predicted pause usage probability (expressed as the complement of the hurdle zero-
pause probability) as a function of (A) pause acuity (z-scored; higher values indicate better
auditory-perceptual acuity), averaged across cognitive load conditions, and (B) cognitive
load (low vs. high), averaged across pause acuity. The plots illustrate how the probability of
using a pause to mark a prosodic boundary within bracket productions relates to pause acuity
and cognitive load. Points and intervals represent posterior predictions, with shaded bands
indicating 68% (darker) and 95% (lighter) credible intervals.

We also found strong evidence that cognitive load predicted pause usage (b = 1.209 log-odds,
95% CI [0.738, 1.711], InBF,, > 23): high cognitive load increased the probability of producing
no pauses, corresponding to reduced pause usage under load. As illustrated in Panel B of Figure 6,
participants with average pause acuity used pauses in 96.63% of bracket productions under low
cognitive load, compared to 89.60% under high cognitive load. Given the absence of an interaction

between cognitive load and pause acuity, this pattern held across all pause acuity levels.

4.3 Final lengthening

Detailed fixed-effects estimates, posterior distributions for mean and sigma parameters, and
prior sensitivity analyses for the final lengthening models are reported in 1.4 (Final lengthening)
in the Supplementary Materials (pages 17-22, https://doi.org/10.17605/0SF.I0/KQHMT).

4.31 Final lengthening distinctiveness

We found no evidence that final lengthening acuity modulated final lengthening production
distinctiveness, that is, how strongly participants used final lengthening to distinguish bracket
productions from no-bracket productions, depending on their final lengthening acuity and
averaged across cognitive load conditions. There was no evidence for a three-way interaction
between stimulus condition, cognitive load, and final lengthening acuity (b = 0.018 log-ms, 95%

CI [-0.029, 0.066], InBF,, = -2.74), and no evidence for a two-way interaction between stimulus
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condition and final lengthening acuity (b = 0.013 log-ms, 95% CI [-0.057, 0.084], InBF,, =
—2.57). Participants used final lengthening to distinguish bracket from no-bracket productions to

a similar degree, regardless of their final lengthening acuity.

4.3.2 Final lengthening variability

We found no evidence that final lengthening acuity modulated final lengthening variability
(sigma, 0). Here, variability refers to how much each individual participant’s own final
lengthening fluctuated from trial to trial. There was no three-way interaction between stimulus
condition, cognitive load, and final lengthening acuity (b = —-0.010 SD log-ms, 95% CI [-0.030,
0.010], InBF,, = -1.51), an inconclusive two-way interaction between stimulus condition and
final lengthening acuity (b = -0.011 SD log-ms, 95% CI [-0.021, -0.001], InBF,, = -0.29,
all Bayes factors consistently favored, or tended toward, the null), and no main effect of final
lengthening acuity (b = —0.002 SD log-ms, 95% CI [-0.007, 0.003], InBF,, = —2.97). Participants
with higher and lower final lengthening acuity showed similar trial-to-trial variability in final

lengthening across both bracket and no-bracket productions.

Cognitive load did, however, strongly modulate final lengthening variability (b = 0.028 SD
log-ms, 95% CI [0.019, 0.037], InBF,, > 23). As illustrated in Figure 7, participants with average
final lengthening acuity showed greater trial-to-trial variability in final lengthening under high
cognitive load than under low cognitive load. Given the absence of an interaction between cognitive

load and final lengthening acuity, this pattern held across all final lengthening acuity levels.
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Figure 7: Predicted final lengthening variability (sigma; SD of log-ms, higher values indicate
greater trial-to-trial variability) as a function of cognitive load (low vs. high), averaged across
final lengthening acuity and stimulus condition. The plot illustrates how trial-to-trial variability
in final lengthening relates to cognitive load across all final lengthening acuity levels. Points
and intervals represent posterior estimates of sigma, with shaded bands indicating 68%
(darker) and 95% (lighter) credible intervals.
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4.4 Summary of PP-link findings

Table 1 provides an overview of our findings across all three prosodic boundary cues, summarizing

the evidence for our two main hypotheses along with a short interpretation statement for each

perception-production relationship examined.

Table 1: Summary of findings for prosodic boundary cue PP-links.

Hypothesis

Main findings

Interpretation

Pitch range

0, less variable), esp.
under load.

H1 Higher pitch acuity | Suggestive evidence for an | Pitch acuity shows a
(mean, y): | — larger pitch acuity x stimulus condition | directionally consistent
Distinctive- | range difference interaction on mean pitch with, but inconclusive
ness between bracket range (u), averaged across association with, pitch
and no-bracket cognitive load conditions. range distinctiveness
productions (u), No evidence for an acuity X | (mean pitch range
stronger under load. | cognitive load X stimulus differences between
condition interaction. bracket and no-bracket
productions); interpret
cautiously. Partial support
for H1 (u).
H2 Higher pitch acuity | Moderate evidence for an Higher pitch acuity is
(sigma, 0): | — lower trial-to-trial | acuity X cognitive load associated with greater
Variability | variability (smaller x stimulus condition (not lower) pitch range

interaction on pitch range
variability (0). Under high
cognitive load, bracket/
no-bracket differences in
trial-to-trial variability (o)
are larger for participants
with higher pitch acuity
than for participants with
lower pitch acuity.

variability, expressed as
stronger bracket/no-bracket
differences in trial-to-trial
variability under high
cognitive load, which
contradicts the prediction.
No support for H2 (0).

Pause duration (bracket only)

H1

(mean, u):
Distinctive-
ness

Higher pause acuity
— longer pauses
within bracket
productions (),
stronger under load.

Moderate evidence for a
main effect of cognitive
load, with higher load
associated with shorter
pauses. No evidence for an
acuity X cognitive load
interaction or for a main
effect of pause acuity on
mean pause duration (u).

Mean pause duration
is primarily affected
by cognitive load;
pause acuity does not
predict pause duration
distinctiveness (mean
pause duration) within
bracket productions.
No support for H1 (u).

(Contd.)



Hypothesis

Main findings

Interpretation

probability. No evidence
for a cognitive load X
pause acuity interaction.

H2 Higher pause acuity | Moderate evidence for a Higher pause acuity is
(sigma, 0): | — lower trial-to-trial | main effect of pause acuity | associated with greater
Variability | variability (smaller on pause duration variability | (not lower) trial-to-trial
o, less variable), esp. | (0). Strong evidence for a variability in pause
under load. main effect of cognitive load, | duration; cognitive
with higher load increasing | load further increases
pause duration variability. variability; contradicts the
No evidence for an acuity X | prediction. No support for
cognitive load interaction. H2 (0).
Pause Exploratory (not Moderate evidence for a Higher pause acuity is
usage preregistered). main effect of pause acuity | associated with reduced
(explora- and strong evidence for a | pause usage across both
tory; main effect of cognitive cognitive load conditions.
hurdle) load on pause usage High cognitive load further

reduces pause usage
independently of pause
acuity. Warrants further
investigation. Exploratory.

Final lengthening

variability (smaller
o, less variable), esp.

under load.

increasing variability. No
evidence for an acuity X
cognitive load x stimulus
condition interaction, an
acuity X stimulus condition
interaction, or a main effect
of final lengthening acuity
on trial-to-trial variability in
final lengthening (o).

H1 Higher final No evidence for an acuity X | Final lengthening
(mean, y): | lengthening acuity cognitive load x stimulus acuity does not predict
Distinctive- | — larger final condition interaction, an final lengthening
ness lengthening difference | acuity X stimulus condition | distinctiveness (mean final
between bracket interaction, no main effect of | lengthening differences
and no-bracket final lengthening acuity on | between bracket and
productions (u), mean final lengthening (1). | no-bracket productions).
stronger under load. No support for H1 (u).
H2 Higher final Strong evidence for a Final lengthening
(sigma, 0): |lengthening acuity main effect of cognitive production variability
Variability | — lower trial-to-trial |load, with higher load is primarily modulated

by cognitive load. Final
lengthening acuity does
not predict trial-to-

trial variability in final
lengthening. No support
for H2 (0).

Note: Perception = auditory-perceptual acuity (z-scored, sign-reversed JND thresholds; higher
values = better acuity). Production distinctiveness = model mean: for pitch range and final
lengthening as the difference between bracket and no-bracket productions; for pause duration
(bracket only) as mean pause duration within bracket productions. Production variability =

model sigma: larger sigma indicates greater trial-to-trial variability.
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5. Discussion

Our study examined whether individual differences in prosodic boundary cue perception
predict how those same cues are produced, focusing on two separable aspects of production:
distinctiveness and variability. Specifically, we tested whether auditory-perceptual acuity
predicts (H1) the strength with which a prosodic boundary cue is used to distinguish bracket
productions from no-bracket productions, and (H2) the trial-to-trial variability with which
that prosodic boundary cue is produced, and whether these relationships are modulated by

cognitive load.

Perception and production were assessed in separate tasks and linked at the level of individual
differences, using distributional models that estimated both production distinctiveness (mean, y,
reflecting inter-individual differences) and trial-to-trial variability (sigma, o, reflecting intra-
individual differences) separately for each prosodic boundary cue. A summary of findings is

provided in Table 1.

5.1 Pitch range

We found suggestive, rather than strong, evidence for the first hypothesis (H1) for pitch range:
participants with higher pitch acuity produced larger pitch range differences between bracket
and no-bracket productions (averaged across cognitive load conditions), but the evidence for this
effect did not reach the threshold for strong support across prior specifications. This pattern is,
nevertheless, directionally consistent with our predictions. The qualification “suggestive” reflects

statistical strength, rather than a contradiction of the hypothesized effect.

In contrast, we found moderate evidence for a three-way interaction indicating that higher
pitch acuity was associated with greater trial-to-trial variability in pitch range production,
contradicting our second hypothesis (H2) that higher auditory-perceptual acuity would lead to
less variable production. Participants with higher pitch acuity were considerably more variable
in bracket productions than in no-bracket productions under both cognitive load conditions, and
both the size of this difference and the variability level for each stimulus condition remained
comparable across low and high cognitive load. Participants with lower pitch acuity also
showed greater trial-to-trial variability in bracket productions than in no-bracket productions
under low cognitive load, though at lower overall levels than participants with higher pitch
acuity. Under high cognitive load, however, this difference disappeared: participants with
lower pitch acuity showed the same amount of trial-to-trial variability in bracket and no-bracket
productions, as their variability in bracket productions reduced to the level observed in no-bracket
productions. Thus, while pitch acuity showed directional alignment with H1 at the level of
production distinctiveness, it did not support the prediction of reduced trial-to-trial variability

formulated in H2.



It could be argued that the finer resolution of the pitch range JND continuum, relative to the
pause and final lengthening continua, might have increased the sensitivity of the pitch acuity
measure, and thereby influenced the PP-link modeling. To address this concern, we conducted a
post-hoc simulation analysis in which pitch range JND thresholds (and, thereafter, acuity scores)
were recomputed from coarser continua. Refitting the pitch range production model with these
simulated scores yielded virtually identical parameter estimates and Bayes factors, providing
no evidence that continuum resolution biased our findings (see 1.5, Just-Noticeable-Difference
(JND) task sensitivity analysis, in the Supplementary Materials for details; pages 23-24, https://
doi.org/10.17605/0SF.I0/KQHMT).

5.2 Pause duration

We found no evidence that pause acuity predicts pause production distinctiveness (H1). Because
pauses are almost exclusively used in bracket productions, distinctiveness for pauses was
operationalized as mean pause duration within bracket productions rather than as a bracket/
no-bracket contrast. Cognitive load had a strong main effect on mean pause duration: participants
produced shorter pauses under high cognitive load than under low cognitive load, across all

pause acuity levels.

In contrast, we found moderate evidence for a relationship between pause acuity and pause
duration variability, again providing no support for H2. Participants with higher pause acuity
showed greater trial-to-trial variability in pause duration, whereas participants with lower
pause acuity showed less trial-to-trial variability in pause duration. This difference in trial-to-
trial variability associated with pause acuity was present across both cognitive load conditions.
Thus, as for pitch, higher pause acuity was associated with increased, rather than reduced, trial-
to-trial variability, contradicting the prediction that higher acuity would lead to more stable
production patterns. Exploratory analyses further indicated that pause acuity predicted pause
usage. However, because this analysis was not preregistered and the pause acuity effect on usage

probability was only moderate, we treat this pattern as tentative.

5.3 Final lengthening

Neither hypothesis was supported for final lengthening: final lengthening acuity did not predict
final lengthening distinctiveness (H1) or trial-to-trial variability (H2) in final lengthening. In
contrast, cognitive load had a strong main effect on final lengthening variability, increasing
trial-to-trial variability across all final lengthening acuity levels. Thus, while final lengthening
production was sensitive to increased processing demands, this sensitivity did not interact with
final lengthening acuity. This absence of a PP-link for final lengthening stands in contrast to the

patterns observed for pitch and pause, and is taken up in 5.4.
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5.4 Cue-specific patterns

Our results reveal a clear cue-dependent PP-link pattern. Auditory-perceptual acuity related
most robustly to pitch range, more weakly and differently to pause duration, and not reliably
to final lengthening. Importantly, for the prosodic boundary cues showing evidence of a
PP-link, this link emerged primarily in production variability (o) rather than in production

distinctiveness (u).

This pattern suggests that individual differences in auditory-perceptual acuity primarily
govern the trial-to-trial variability and, thus, flexibility with which speakers produce prosodic
boundary cues across contexts, rather than the magnitude of their productions. This interpretation
aligns with Xie et al.’s (2021) demonstration that prosodic production variability is functionally
meaningful: their talker-specific ideal observer models outperformed generic models precisely
because they captured the full distributional statistics of individual speakers’ cue production
patterns, and listeners actively learned and exploited these talker-specific patterns to improve
their categorization accuracy. From this perspective, speakers with better auditory-perceptual
acuity may more flexibly adapt their coordination and weighting of prosodic cues to context.
This is precisely the type of systematic distributional information that listeners are attuned to
track. Thus, the variability effects we observed likely reflect communicative strategies, with

production flexibility serving as a learnable signal that facilitates comprehension.

Pitch range showed the strongest and most selective PP-link, emerging for both production
distinctiveness and trial-to-trial variability. Participants with higher pitch acuity produced larger
pitch range differences between bracket and no-bracket productions across both cognitive load
conditions, though this distinctiveness effect was only suggestive, and maintained a consistent
bracket/no-bracket differentiation in trial-to-trial pitch range variability across both cognitive
load conditions, showing comparably high variability in both bracket and no-bracket productions
even under high cognitive load. Participants with lower pitch acuity, by contrast, produced
smaller pitch range differences between bracket and no-bracket productions across both cognitive
load conditions, and converged on more uniform pitch ranges under high cognitive load,
showing reduced trial-to-trial variability in both bracket and no-bracket productions compared
to low cognitive load. This divergence suggests that higher pitch acuity supports continued and
more flexible modulation of pitch range when processing demands increase. Evidence from pitch
perturbation studies points in the same direction: individuals with better pitch discrimination
show stronger adaptive responses to sustained pitch shifts (Martin et al., 2018), and speakers
actively regulate pitch to preserve communicative contrasts under challenging conditions (Patel
et al., 2011). Together, these findings are consistent with pitch functioning as a flexible and
central prosodic boundary cue in German (Holzgrefe-Lang et al., 2016; Huttenlauch et al., 2021;
Petrone et al., 2017).



Pause duration showed a partially parallel profile: higher pause acuity was associated with
greater trial-to-trial variability in pause duration production, but, unlike pitch, showed no
corresponding modulation of mean pause duration. This dissociation suggests that, for pauses,
higher pause acuity relates to how pauses are integrated into prosodic control, rather than to
their average magnitude. Our exploratory analyses further indicated that participants with higher
pause acuity relied less categorically on pause usage, showing greater flexibility in when they
deployed pauses for marking a boundary. Importantly, reduced pause usage among participants
with higher pause acuity did not reflect a general absence of pauses: all participants used pauses
in the majority of bracket stimulus productions. Rather, pause omission occurred selectively
and disproportionately among speakers with higher pause acuity, suggesting their reduced
reliance on this categorical boundary cue and a greater ability to exploit alternative prosodic
boundary cues when available. This pattern likely reflects pauses’ dual function in cognition
and communication: marking boundaries for listeners and providing planning time for speakers
(e.g., Ferreira & Karimi, 2015). Moreover, since pauses function as categorical perceptual cues
once they exceed a perceptual threshold (e.g., Petrone et al., 2017), higher pause acuity may
afford greater flexibility in pause usage, without requiring systematic scaling of pause duration

in production.

Final lengthening showed no evidence for a PP-link, despite trial-to-trial variability being
affected by cognitive load. This null result suggests that final lengthening may be governed
primarily by automatic timing and sequencing processes that respond in a more uniform way
to processing demands, rather than by perceptually guided adjustments. Consistent with this
view, final lengthening exhibits non-monotonic scaling with boundary strength, and often
decreases at strong boundaries where pauses take over (e.g., Kentner et al., 2023). It is also
the least consistently used prosodic boundary cue across participants (e.g., Huttenlauch et al.,
2021) and rarely functions as a reliable boundary signal in isolation (e.g., Holzgrefe-Lang et
al., 2016), indicating that it plays a supportive rather than primary role in German prosodic

boundary marking.

Overall, this cue-specific gradient aligns with perturbation evidence showing differential
control mechanisms for spectral versus temporal cues. In particular, Patel et al. (2011) showed
that when pitch (f0) is perturbed during sentence production, speakers compensate primarily
by adjusting spectral properties, such as pitch and intensity, while durational properties remain
comparatively stable. Likewise, timing-perturbation studies demonstrate that compensatory
responses to temporal perturbations are organized at the level of prosodic structure, rather
than at the level of individual segments, revealing that speakers maintain word-level timing
relations, rather than, correcting segment durations in isolation (Oschkinat & Hoole, 2022).
Moreover, this prosodic boundary cue gradient also matches broader observations. The use of

pitch for boundary marking shows substantial cross-linguistic variability in both weighting and
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interpretation, reflecting its flexible role across prosodic systems, whereas temporal boundary
cues, such as pauses and final lengthening, are more widely used across languages and tend to
be more constrained in how flexibly they are deployed (e.g., Byrd et al., 2006; Ortega-Llebaria &
Nagao, 2025; Wightman et al., 1992; Yang et al., 2014).

5.5 Segmental versus suprasegmental PP-links

Our hypotheses were informed by the segmental PP-link literature, which has consistently
shown that participants with higher auditory-perceptual acuity tend to produce more precise
and less variable segmental contrasts, even under challenging conditions (e.g., S. S. Ghosh et
al., 2010; Perkell, Guenther, et al., 2004; Villacorta et al., 2007). We extended this logic to
prosody, predicting that higher auditory-perceptual acuity for prosodic boundary cues would
yield more distinct and more stable boundary marking, though, for temporal cues, this prediction
was treated as an empirical question, rather than a direct extension of segmental evidence. Our
findings only partially aligned with these predictions: distinctiveness effects were limited to
pitch, while trial-to-trial variability effects emerged for both pitch and pause, but in the opposite
direction: higher auditory-perceptual acuity was associated with greater, rather than lower, trial-
to-trial variability. These patterns indicate that segmental perception-production predictions do

not straightforwardly generalize to prosodic boundary marking.

A key reason may lie in how prosodic boundary cues are represented. The DIVA model
formalizes segmental PP-links in terms of tightly coupled auditory-motor units, in which each
speech sound is encoded as both an auditory target and a corresponding motor program (e.g.,
Guenther et al., 2013). This architecture supports direct mappings between auditory-perceptual
discriminability and segmental production precision (e.g., Perkell, 2012). Prosodic boundary
cues differ fundamentally in the nature of their representations: spectral cues, such as pitch,
can be modeled as explicit auditory targets in a framework like DIVA, whereas durational
and temporal cues, such as pause and final lengthening, are primarily represented as motor
timing parameters, rather than as perceptual targets (e.g., Miller & Guenther, 2021; Zhang et
al., 2015). The GODIVA extension addresses this by incorporating metrical and initiation maps
that control the timing and sequencing of speech chunks (e.g., Bohland et al., 2010; Miller &
Guenther, 2021), but these mechanisms are architecturally distinct from the auditory target
representations available for spectral cues. This distinction has a plausible neurobiological basis:
the right hemisphere’s longer temporal integration windows make it well-suited to tracking slow
modulations, such as FO contours and prosodic structure, whereas the faster left-hemisphere
processing supports the sequencing and timing mechanisms underlying durational control (e.g.,
Arjmandi & Behroozmand, 2024; Floegel et al., 2020; Poeppel, 2003). An additional factor is that
prosodic boundaries are realized through the graded modulation of multiple cues over extended

temporal spans, and this redundancy allows speakers to achieve the same communicative goal



through different cue combinations (e.g., Cho, 2016; Huttenlauch et al., 2021). PP-links at the
level of prosodic boundary marking are, therefore, more likely to reflect shared control processes
(i.e., how multiple cues are coordinated, weighted, and adapted) than the shared symbolic

representations that characterize segmental auditory-motor target mappings.

Our findings partially align with these theoretical predictions, while also revealing aspects
not yet captured by DIVA/GODIVA. The clearest acuity-related PP-link emerged for pitch, the
prosodic boundary cue with explicit auditory target representation, consistent with the prediction
that tonal cues benefit from acuity-tuned auditory error maps supporting continuous feedback
correction. Pause showed partial linking only (pause acuity predicting trial-to-trial variability,
but not mean duration), and final lengthening showed no linking at all, consistent with durational
cues relying primarily on feedforward sequencing mechanisms less directly modulated by
auditory-perceptual acuity (e.g., Civier et al., 2013; Tourville & Guenther, 2011). However, the
directionality of the variability effect contradicts straightforward DIVA predictions. In segmental
motor control, trial-to-trial variability would conventionally be interpreted as instability or motor
noise resulting from poorly specified targets (Perkell, 2012). Our findings suggest a different
interpretation for the prosodic domain: rather than reflecting imprecision, greater variability in
speakers with higher auditory-perceptual acuity may reflect an expanded adaptive range, and,
thus, the ability to flexibly modulate cue realization across varying contexts. One possibility is
that this flexibility reflects the coordination of multiple cues: speakers with higher auditory-
perceptual acuity for a given prosodic boundary cue may have access to a wider repertoire of cue
combinations for signaling prosodic boundaries. This form of acuity-linked flexibility, relating to
cue coordination rather than target precision, is — to the best of our knowledge — not yet captured
in current neurocomputational models, which focus primarily on error minimization around

fixed targets.

5.6 Limitations and future directions

Although we interpret the observed perception-production patterns primarily in terms of
auditory-perceptual acuity interacting with cue-specific control demands, these relationships are
likely shaped by additional cognitive and structural factors. For temporal prosody, in particular,
perturbation work indicates that production responses are jointly influenced by auditory-
perceptual acuity and rhythmic abilities, with their relative contributions varying as a function of
prosodic structure and whether responses reflect online compensation or longer-term adaptation
(e.g., Oschkinat et al., 2022). This suggests that temporal PP-links may depend on a broader set

of moderators and task distinctions than perceptual resolution alone.

Beyond perceptual and motor constraints, individual differences in memory and attentional

control may further shape how reliably participants produce distinctions between stimuli with
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and without a boundary, especially under cognitive load. Prosodic structure has been shown to
influence how listeners allocate attention and encode material in memory, including benefits
from pitch rises and boundary tones in serial recall tasks, pointing to systematic interactions
between prosody, memory, and attention (e.g., Ferreira & Karimi, 2015; Grice et al., 2024;
Lialiou et al., in press). From this perspective, PP-links may reflect learning, adaptation, and

executive control processes in addition to auditory-perceptual resolution.

These considerations point to several concrete directions. First, the theoretical accounts
advanced here could be tested more directly by incorporating independent measures of (i)
working memory or serial recall, (ii) sustained attention or executive functioning, (iii) rhythmic
or musical experience, and (iv) sensorimotor adaptation to auditory perturbations, and testing
whether these variables explain variance in pg and/or o beyond auditory-perceptual acuity.
Second, PP-links for additional prosodic dimensions, such as intensity, have yet to be examined.
Domain-initial strengthening is a particularly promising candidate, given that segments following
a boundary show enhanced articulation (e.g., Cho et al., 2007). Third, presenting the secondary
tasks in separate blocks would allow the independent contribution of each to the observed
cognitive load effects to be formally tested. Finally, because prosodic boundary cue weighting
differs across languages and prosodic systems, an important direction for future work is to test
whether the cue-specific PP-link pattern observed here generalizes beyond German, particularly
for pitch (e.g., Ortega-Llebaria & Nagao, 2025; Yang et al., 2014).

5.7 Conclusion

Cognitive load served as an effective stress test for prosodic production, revealing individual
differences that were not apparent under low cognitive load. The data indicate a prosodic
PP-link for pitch and pause, but not for final lengthening. Higher auditory-perceptual acuity was
associated with greater production variability for pitch and pause, suggesting that for prosodic
boundary marking, variability reflects adaptive flexibility in prosodic boundary cue production,
rather than imprecision in motor control. Although this direction of the variability effects runs
counter to our preregistered hypothesis (which predicted lower trial-to-trial variability with
higher auditory-perceptual acuity), the pattern is consistent with variability reflecting adaptive
flexibility in prosodic cue deployment, rather than motor imprecision. These cue-specific patterns
align with theoretical distinctions between spectral and temporal cues in neurocomputational
models, and suggest that prosodic PP-links emerge from the interaction of perceptual precision,

control mechanisms, and contextual demands.
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