
TYPE Original Research
PUBLISHED 02 March 2026
DOI 10.3389/flang.2026.1763160

OPEN ACCESS

EDITED BY

Matthew W. Crocker,
Saarland University, Germany

REVIEWED BY

Filiz Tezcan,
Maastricht University, Netherlands
Svetlana Vetchinnikova,
University of Helsinki, Finland

*CORRESPONDENCE

Andrea Hofmann
andhofma@uni-potsdam.de

†These authors have contributed equally
to this work and share senior authorship

RECEIVED 08 December 2025
REVISED 17 January 2026
ACCEPTED 23 January 2026
PUBLISHED 02 March 2026

CITATION

Hofmann A, Tuomainen O, Hanne S,
Veríssimo J and Wartenburger I (2026)
Auditory-perceptual acuity impacts
prosodic boundary prediction in a gating
task. Front. Lang. Sci. 5:1763160.
doi: 10.3389/flang.2026.1763160

COPYRIGHT

© 2026 Hofmann, Tuomainen, Hanne,
Veríssimo and Wartenburger. This is an
open-access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

Auditory-perceptual acuity
impacts prosodic boundary
prediction in a gating task

Andrea Hofmann1*, Outi Tuomainen1, Sandra Hanne1,
João Veríssimo2† and Isabell Wartenburger1†

1Department of Linguistics, Cognitive Sciences, University of Potsdam, Potsdam, Germany, 2Center of
Linguistics, School of Arts and Humanities, University of Lisbon, Lisbon, Portugal

Processing of prosodic phrasing requires listeners to integrate acoustic
cues that unfold incrementally during speech comprehension, yet substantial
individual differences exist in how listeners use unfolding prosodic information.
This study investigated whether individual differences in auditory-perceptual
discrimination abilities for prosodic boundary cues are related to processing
of prosodic phrasing, and, more specifically, the ability to use the incremental
bottom-up prosodic information for making top-down predictions about
the syntactic structure of an unfolding utterance. Sixty German-speaking
adults completed adaptive staircase procedures measuring Just-Noticeable-
Difference thresholds for auditory-perceptual acuity in pitch, pause, and
final lengthening discrimination. In addition, they performed a gating task
that provided snippets of coordinate three-name sequences with or without
an internal prosodic boundary in a randomized order. Performance in the
gating task was analyzed using Bayesian multilevel Signal Detection Theory
models to separate discriminability from response bias. Participants with higher
auditory-perceptual acuity demonstrated better prediction of the upcoming
structure across all gates. When all three auditory-perceptual acuity measures
were modeled simultaneously, each individual effect attenuated substantially,
indicating shared, rather than independent, predictive variance. These findings
suggest that top-down prediction during speech comprehension is related
to overall auditory-perceptual acuity rather than independent boundary-cue-
specific sensitivities.

KEYWORDS

auditory-perceptual acuity, final lengthening, gating paradigm, just-noticeable
difference, pause, pitch, prosodic boundary, prosodic boundary cue

Introduction

Prosodic phrasing refers to the organization of pitch, timing, rhythm, and intensity
that accompanies spoken language. It guides listeners through an utterance by marking
syntactic structure, signaling discourse relations, highlighting information structure, and
conveying pragmatic and/or emotional meaning (e.g., Cole, 2015; Frazier et al., 2006;
Wagner and Watson, 2010). A central function of prosodic phrasing is the segmentation
of continuous speech into hierarchically organized units, enabling listeners to map the
acoustic stream onto syntactic and semantic structure during comprehension (e.g., Clifton
et al., 2002; Frazier et al., 2006).
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Consider the sentences: “What’s that ahead in the road?” and
“What’s that, a HEAD in the ROAD?” (Kjelgaard and Speer,
1999, p. 153), which contain identical segmental content. What
distinguishes their meanings is the prosodic structure, specifically,
where prosodic phrase boundaries occur and which words receive
prominence. In the first version, continuous phrasing groups ahead
in the road into one constituent, yielding the interpretation of
something visible on the road ahead. In the second version, a
boundary after that with nuclear accents on head and road signals
a different syntactic organization, prompting listeners to interpret
a head in the road as a noun phrase. This example illustrates how
prosodic boundaries resolve structural ambiguities that cannot be
disambiguated from segmental information alone (e.g., Frazier et
al., 2006).

Listeners construct prosodic phrasing through real-time
integration of incremental acoustic information with higher-
level linguistic knowledge. This process involves both bottom-
up processing—the extraction of acoustic cues from the speech
signal—and top-down prediction—the use of syntactic, semantic,
and pragmatic expectations to anticipate upcoming prosodic
structure (e.g., Cole et al., 2010; Ferreira and Karimi, 2015; Ji et
al., 2024; Wagner and Watson, 2010). Understanding how listeners
balance these two sources of information, and why individuals
differ in this ability, remains a central question in prosodic
processing research.

Acoustic cues to prosodic boundaries

Listeners rely primarily on three acoustic cues to identify
prosodic phrase boundaries: Pitch movements, silent pauses, and
pre-boundary lengthening (e.g., Cole, 2015; Kentner and Féry,
2013; Petrone et al., 2017). Pitch movements (e.g., final rises,
falls, or pitch reset at phrase onset) provide the main spectral
cues, while silent pauses and lengthening of vowels or syllables
preceding a boundary (final lengthening) serve as major temporal
cues (e.g., Schubö et al., 2023; Tyler and Cutler, 2009). These three
prosodic boundary cues constitute the most robust and extensively
studied boundary markers in German and are known to support
reliable boundary perception and structural disambiguation (e.g.,
Hansen et al., 2023; Kentner and Féry, 2013; Petrone et al.,
2017; Schubö et al., 2023). Beyond these three prosodic boundary
cues, prosodic boundaries can be marked by other acoustic and
articulatory cues. These include intensity changes (e.g., Kochanski
et al., 2005), segmental lengthening patterns beyond phrase-final
position (e.g., Byrd and Saltzman, 2003), voice quality modulations
(e.g., González et al., 2022), and domain-initial strengthening of
post-boundary segments (e.g., Cho and Keating, 2009).

Across languages, pitch consistently signals prosodic phrasing,
but generally carries less perceptual weight than temporal cues
(e.g., Collier et al., 1993; Ganga et al., 2024; Lin and Fon, 2010).
This asymmetry reflects the inherently greater salience of abrupt
temporal events—such as silence or marked segmental slowing—
compared to more gradually unfolding pitch movements. Although
pitch is perceptually less dominant for marking local phrase
boundaries, it serves many broader functions; pitch rises, among
other things, guide listeners’ attention and facilitate prosodic

chunking or memory processes (Lialiou et al., 2024). In contrast,
silent pauses serve as highly reliable markers of local boundaries
and often trigger categorical boundary judgments (e.g., Männel
and Friederici, 2016; Petrone et al., 2017; Yang et al., 2014). Final
lengthening on its own usually lacks sufficient perceptual salience
to trigger boundary perception, but functions most effectively when
accompanied by pitch and/or pause cues (e.g., Ganga et al., 2024;
Schubö et al., 2023).

Rather than treating prosodic boundary cues in isolation,
listeners integrate them incrementally in a non-additive way:
When a pause is present, additional cues add little perceptual
benefit, but when a pause is absent, pitch and pre-boundary
lengthening become more informative (e.g., Yang et al., 2014). In
German, pitch change and pre-boundary lengthening must co-
occur to elicit robust boundary detection (e.g., Holzgrefe-Lang
et al., 2016). Prosodic boundary cues also interact perceptually:
Rising pitch increases the perceived duration of a syllable compared
to level pitch, even when the objective duration of the syllable
is constant. Additionally, the pitch contour of syllables flanking
a silent interval modulates the perceived pause duration (also
known as the auditory kappa effect Cohen et al., 1953). When
the distance between pre-pause and post-pause pitch is greater
(e.g., pre-boundary rise followed by low post-boundary pitch), the
intervening silence is perceived as longer (Brugos and Barnes,
2014). Such interactions demonstrate that spectral and temporal
cues jointly shape prosodic boundary perception through dynamic
spectrotemporal integration.

Boundary perception in coordinate
structures

In the present study, we investigate how listeners use prosodic
boundary cues in coordinate name sequences, where prosodic
information determines syntactic grouping. Consider the question
“Who is arriving at the station?” The answer could be:

(1) [Moni und Lilli] # und Manu (grouped condition with
internal grouping; und = and)

or
(2) Moni und Lilli und Manu (ungrouped condition without
internal grouping; und = and).

In (1), a prosodic boundary after the second name (marked here
with #, see also Hansen et al., 2023) creates an internal grouping,
indicating that Moni and Lilli arrive together while Manu arrives
separately. In (2), the absence of such a boundary implies that all
three arrive together. Crucially, only the presence or absence of a
prosodic boundary disambiguates the intended grouping while the
segmental content is identical in both cases.

Coordinate name sequences offer an ideal testing ground for
studying prosodic phrasing because they exhibit systematic acoustic
variation tied to syntactic grouping but contain identical segmental
content, that is, the syntactic structure is solely conveyed by
means of prosody. Kentner and Féry’s (2013) Proximity/Similarity
model formalizes how prosodic boundaries are distributed in
such structures. The model predicts that in grouped sequences
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like [Name1 und Name2] # und Name3, the Proximity principle
weakens internal boundaries within the syntactic group (at or
after Name1), while the Anti-Proximity principle strengthens
boundaries at group edges (after Name2). Consequently, the
grouped structure should exhibit a stronger prosodic boundary
after Name2 compared to the ungrouped structure (2) Name1
und Name2 und Name3, which lacks internal grouping. Empirical
studies confirm that speakers mark grouping through systematic
modulation of pitch, pause, and final lengthening, and that listeners
reliably recover grouping from these prosodic boundary cues
(e.g., Ganga et al., 2024; Huttenlauch et al., 2021; Schubö et al.,
2023).

The properties mentioned above make coordinate structures
valuable for examining the interplay between bottom-up and top-
down processing in prosodic boundary perception. The question
is not merely which boundary cues listeners use, but how
much bottom-up prosodic information listeners need before they
can generate reliable top-down predictions about the upcoming
syntactic structure, specifically, whether the utterance belongs to a
grouped (1) or ungrouped structure (2).

Hansen et al. (2023) addressed this question and examined how
much prosodic information is necessary to predict the upcoming
syntactic structure using a gating paradigm (see Grosjean, 1980).
In this paradigm, listeners hear segments of an utterance which
get progressively longer (“gates”), and each successive “gate” reveals
more acoustic information. Hansen et al. (2023) presented syllable
snippets of German coordinate name sequences, starting with Mo
(Gate 1), progressing to Moni (Gate 2), then Moni und (Gate 3),
Moni und Li (Gate 4). . . , through to the complete sequence Moni
und Lilli und Manu (Gate 7). After each gate, listeners decided
whether they predicted a grouped structure “[Moni und Lilli] und
Manu” (example (1)) or an ungrouped structure “Moni und Lilli und
Manu” (example (2)). The central question was whether listeners
could exploit early, subtle bottom-up prosodic boundary cues to
make top-down predictions about grouping before encountering
the critical boundary after Name2 itself, as reflected in the accuracy
of their grouping decisions at each gate, and whether listeners
differed in their predictive abilities.

Across participants, overall accuracy reached near ceiling when
participants listened to Moni und Lilli (Name1 and Name2, Gate 5).
However, based on the timing and stability of listeners’ responses
across gates, Hansen et al. (2023) identified two distinct listener
subgroups: Approximately 60% of participants seemed to update
their grouping predictions as more and more prosodic information
became available already from Gate 2 (“identification group”). In
contrast, the remaining participants showed a “waiting” pattern,
maintaining consistent responses until later gates (e.g., Gate 5)
when clear boundary evidence had accumulated (“waiting group”).
Both groups ultimately achieved similarly high accuracy, indicating
that the “waiting group” either had reduced perceptual abilities
and/or they employed a differential processing strategy. Because
Hansen et al. (2023) always presented the gates in fixed ascending
order (always starting from Gate 1 and progressing forward),
their design could not determine whether this “waiting” pattern
reflected genuine auditory-perceptual limitations or a deliberate
strategic choice. Listeners who appeared to “wait” might have
been unable to detect subtle early prosodic boundary cues, but

they could just as well have been applying a conservative decision
strategy, waiting for stronger evidence before committing to a
prediction.

The present study therefore sought to disentangle these
possibilities by examining whether individual differences in
bottom-up auditory-perceptual acuity—the ability to detect subtle
prosodic differences—explain why some listeners can generate
reliable top-down predictions earlier than others.

The present study: aims and hypotheses

Since prosodic processing relies on the incremental detection
of subtle prosodic boundary cues, such as pitch, pause, and
final lengthening, differences in auditory-perceptual discrimination
abilities (auditory-perceptual acuity) for these cues may be the
critical factor driving the individual differences in the timing of
correct boundary predictions observed by Hansen et al. (2023).
Listeners with finer perceptual resolution for the respective
acoustic dimensions should be better equipped to exploit early,
subtle prosodic boundary cues for predicting upcoming syntactic
structure. The present study investigates this hypothesis by directly
linking bottom-up perceptual abilities to top-down boundary
prediction performance in a gated paradigm.

We measured perceptual thresholds using Just-Noticeable-
Difference (JND) tasks for pitch, pause, and final lengthening
discrimination, providing an index of listeners’ perceptual
resolution, more specifically, how small a change in each prosodic
boundary cue dimension they can reliably detect. To test boundary
prediction, we adapted Hansen et al. (2023)’s gating paradigm
to investigate inter-individual differences in using bottom-up
prosodic information for top-down predictive processes. Unlike
Hansen et al. (2023)’s ascending presentation of successive gates,
gates were presented in randomized order with the goal of reducing
strategic effects such as deliberate withholding of responses.
Instead, our experimental paradigm required participants to base
each judgment solely on the acoustic evidence available at a certain
gate.

We asked the following research question: How does auditory-
perceptual acuity for prosodic boundary cues relate to the ability
to predict syntactic structure (grouped vs. ungrouped) from partial
prosodic information in gated speech?

We hypothesized that participants with higher auditory-
perceptual acuity (as indicated by lower JND thresholds) for pitch,
final lengthening, and pause would demonstrate an enhanced, that
is, earlier prediction of the upcoming syntactic structure compared
to participants with lower auditory-perceptual acuity (reflected in
higher JND thresholds). This auditory-perceptual acuity advantage
should be evident across gates, but particularly pronounced at early
gates (Gates 2-4) where prosodic information is more subtle as
compared to later Gates 5 and 7. Specifically, effects should be
detectable already at Gate 2 (Name1 only), because listeners who
are able to discriminate smaller acoustic differences should be able
to use even subtle prosodic information for their predictions.

To address limitations of accuracy measures specified in
our preregistration (https://osf.io/dgu7v), we adopted a Signal
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Detection Theory framework to separate two distinct processes:
Discriminability—how well participants detect acoustic differences
between grouped and ungrouped structures, and response bias—
their general tendency to predict one structure over another,
regardless of acoustic evidence (e.g., Hautus et al., 2021;
Zloteanu and Vuorre, 2024). This distinction is essential for our
research question. If better auditory-perceptual acuity enables
early exploitation of prosodic boundary cues, it should manifest
primarily as enhanced discriminability. In other words, listeners
with better auditory-perceptual acuity should be able to detect
subtle prosodic differences that signal upcoming structure.
However, analyzing performance using only accuracy conflates
discriminability with response bias, obscuring whether better
performance reflects improved acoustic sensitivity or simply
response preferences. By modeling these components separately
within a unified regression framework, we can test whether
auditory-perceptual acuity specifically enhances sensitivity to
prosodic boundary cues at early gates.

We examined the relation of bottom-up auditory-perceptual
acuity and top-down prediction of the upcoming syntactic
structure through two complementary Signal Detection Theory-
based model setups: First, we tested each auditory-perceptual
acuity measure separately to establish whether pitch acuity, pause
acuity, and final lengthening acuity each determine boundary
prediction performance. Second, we modeled all three auditory-
perceptual acuities simultaneously. This combined modeling
approach allowed us to determine whether any single prosodic
boundary cue stands out as particularly important for boundary
prediction, thus testing whether one auditory-perceptual acuity
provides predictive power beyond what the others explain. If
an auditory-perceptual acuity effect still remains after the other
auditory-perceptual acuities have been statistically controlled
for, this would indicate that the specific perceptual ability in
question plays a particularly important role in prosodic phrasing.
Conversely, if effects attenuate in the combined model, this would
indicate that all three auditory-perceptual acuity measures share
predictive variance.

Materials and methods

This study was preregistered (https://osf.io/dgu7v).

General procedure

Participants were tested individually in a sound-attenuated
booth. The written name sequences and response choice images
were presented on a 1080×1920 pixel monitor, with keyboard
input used to record responses. Auditory stimuli were presented
via a Beyerdynamic DT-297 headset (80 Ohm headphones),
connected to a Focusrite Scarlett 18i8 audio interface. All
experimental procedures were controlled by custom Python 3.8
scripts (PyCharm, Windows 10).

Gating task

Stimuli

The stimulus set (adapted from Hansen et al., 2023) comprised
six coordinate three-name sequences, each containing three
disyllabic German names connected by “und” (“and”). Within each
sequence, the first two names consistently ended with an /i/ sound
(e.g., Moni, Lilli, Leni, Nelli, Mimmi, Manni), while the third
name ended in either /u/ or /a/ (e.g., Manu, Nina, Lola). Each
sequence was produced under two prosodic stimulus conditions:
(1) A grouped stimulus condition featuring a prosodic boundary
after the second name ([Name1 and Name2] and Name3), and (2)
an ungrouped stimulus condition without such a boundary (Name1
and Name2 and Name3).

The name sequences were derived from audio recordings
produced in a prior study by Huttenlauch et al. (2021), by four
female speakers (mean age = 24 years, SD = 4.24, range: 21–30
years). These recordings were selected based on high perceptual
congruence between intended and perceived stimulus conditions
(≥ 98%), as determined through a perception check where naïve
listeners categorized each recording from the complete production
corpus as grouped or ungrouped.

Each name sequence recording was segmented into seven
temporal gates of increasing duration, revealing progressively more
prosodic information:

• Gate 1: Name1 – 1st syllable only (e.g., "Mo")
• Gate 2: Name1 complete (e.g., “Moni”)
• Gate 3: Name1 + conjunction1 (e.g., “Moni und”)
• Gate 4: Name1 + conjunction1 + Name2 — 1st syllable (e.g.,

“Moni und Li”)
• Gate 5: Name1 + conjunction1 + Name2 complete (e.g., “Moni

und Lilli”)
• Gate 6: Name1 + conjunction1 + Name2 + conjunction2 (e.g.,

"Moni und Lilli und")
• Gate 7: Complete sequence (e.g., “Moni und Lilli und Manu”)

Our approach deviates from Hansen et al. (2023), who
employed all seven gates: We excluded Gate 1 because Hansen et
al. (2023) found that performance at this gate was unstable. Some
participants who scored above chance at Gate 1 dropped back
to chance level at Gate 2, indicating that the single first syllable
carries insufficient and unreliable prosodic information. We also
excluded Gate 6 because it provided equivalent prosodic boundary
cue information to Gate 7 (the full prosodic context), making it
redundant for our analyses. Note that prosodic boundary cues in
the grouped stimulus condition are maximal at/after the second
name (see Huttenlauch et al., 2021).

Our experimental design yielded a total of 240 stimuli (4
speakers × 2 stimulus conditions × 5 gates × 6 name sequences).

Prosodic boundary cue acoustics
Cue measurements and extraction: Following Hansen et

al. (2023), we extracted prosodic boundary cue measurements
from the Huttenlauch et al. (2021) recordings at two temporal
locations: Name1 (where early boundary-related cues emerge) and
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at or immediately following Name2 (where late boundary cues
accumulate). Measurements were obtained using Praat (Boersma
and Weenink, 1992-2020) and included: (i) Pitch range, defined
as the difference between f0 minimum and maximum across the
first and second syllable (in semitones), measured separately for
Name1 and Name2; (ii) pause duration, defined as the duration
of any silent interval following Name1 or Name2, relative to total
utterance duration (in percent); and (iii) final lengthening, defined
as the duration of the final vowel relative to total name duration (in
percent), also measured separately for Name1 and Name2.

In grouped productions, prosodic boundary cues on Name1
are expected to be attenuated due to proximity within the first
prosodic group, whereas prosodic boundary cues on Name2 are
expected to be enhanced, marking the major prosodic boundary.
Because prosodic boundary cues unfold over time, their alignment
with specific gates is necessarily approximate: Pitch range and final
lengthening are expressed most clearly at Gates 2 and 5, whereas
pause perception requires the onset of subsequent speech material
(Gates 3 and 7).

Figure 1 presents the distribution of prosodic boundary cue
strength for Name1 and Name2 separately for grouped and
ungrouped stimulus conditions. Pitch range on Name1 shows
acoustic differentiation with modest distributional overlap between
stimulus conditions, with grouped stimuli showing reduced pitch
range relative to ungrouped stimuli (� = −3.32 st, lnBF10 =
8.30, strong evidence). Final lengthening on Name1 shows no
consistent stimulus condition differences (� = −2.37 %, lnBF10 =
0.63, inconclusive evidence, numerically favoring H1), and pauses
after Name1 were virtually absent in both stimulus conditions (�
= −0.39 %, lnBF10 = −0.87, inconclusive evidence, numerically
favoring H0). In contrast, prosodic boundary cues were more
distinct on Name2. Pitch range showed a clear separation between
stimulus conditions (� = 5.37 st, lnBF10 = 26.0, strong evidence),
and pauses displayed categorical-like distributions: Minimal
pausing in the ungrouped stimulus condition vs. substantial pauses
in the grouped stimulus condition (� = 16.1 %, lnBF10 = 22.7,
strong evidence). Final lengthening showed moderate stimulus
condition differences (� = 9.12 %, lnBF10 = 8.51, strong evidence),
though less consistently than pitch and pause cues. Overall, the
pattern is consistent with stronger boundary marking at/after
Name2 in line with Kentner and Féry (2013). The stimulus
condition differences at the different name positions were evaluated
using Bayesian paired t-tests (Rouder et al., 2009), with grouped
and ungrouped tokens paired by speaker and name sequence
(n = 24 pairs per cue). lnBF10 denotes the natural-logged Bayes
Factor quantifying the strength of evidence for stimulus condition
differences (values > 1 supporting a difference and values < -
1 supporting the null; see the Statistical modeling section for
interpretation thresholds), whereas the corresponding � values
index the magnitude of those differences.

Procedure

Participants completed a binary decision gating task (originally
introduced by Grosjean, 1980) judging whether each gated stimulus
snippet corresponded to the grouped or ungrouped stimulus
condition (see Hansen et al., 2023). Participants received written

instructions on screen explaining that they would hear audio
snippets of name sequences (e.g., only “Mimmi” or “Mimmi und
Mo”). After each audio snippet, two pictograms appeared on screen,
each symbolizing one of the two possible grouping structures.
Participants’ task was to decide which pictogram best matched the
grouping structure conveyed by the snippet they just heard, and to
indicate their choice by pressing the corresponding arrow key (left
or right) on the keyboard.

Trial structure: Each trial began with a fixation cross (1
s) at screen center, followed by the presentation of a single
gated audio snippet over headphones. After a 500 ms delay, two
response pictograms appeared on screen, symbolizing the two
possible grouping structures. One pictogram depicted two stick
figures positioned close together with a third spatially separated,
representing the grouped stimulus condition (two arriving together,
one arriving separately). The other pictogram showed three
equidistant stick figures without spatial separation, representing
the ungrouped stimulus condition (all three arrive together).
Arrows below each pictogram (pointing left/right) indicated
the corresponding keyboard response. Participants responded
using the designated keyboard keys after the audio presentation.
The condition-key-mapping (grouped-left / ungrouped-right
vs. grouped-right / ungrouped-left) was counterbalanced between
participants but fixed within each participant. The visual response
pictograms remained on screen until participants responded.

Experimental procedure: The task began with a practice block
of 10 randomized trials with visually presented accuracy feedback.
Practice stimuli were gated snippets from another female speaker
not included in the main task.

The main task consisted of four speaker blocks (60 trials per
block), each containing recordings from a single speaker. The order
of these blocks was randomized across participants. Within each
block, all Gate 2–5 stimuli for the respective speaker (N = 48) were
presented in a randomized order first, followed by all Gate 7 stimuli
(N = 12) also in random order. This design deviates from Hansen
et al. (2023), who used a fixed ascending gate order from Gate 1
to Gate 7 for each trial. In the present paper, we randomized the
Gates 2–5 presentation to eliminate a strategic waiting behavior
while maintaining decision difficulty, with Gate 7 serving as a fully
informative baseline. Participants could take a short break between
blocks. Each block lasted approximately 4 min.

Just-Noticeable-Difference (JND) task

The JND tasks reported here follow the same procedure
described in Hofmann et al. (Submitted).

Stimuli

We developed three separate stimulus continua to measure
participants’ auditory-perceptual acuity thresholds for the
three prosodic boundary cues typically used in German for
prosodic boundary marking: Pitch rise, pause duration, and final
lengthening. Importantly, although these prosodic boundary
cues originate from prosodic boundary contexts, this perception
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FIGURE 1

Distributions show pitch range (semitones), pause duration (%), and final lengthening (%) measured in our gating task stimuli. These stimuli were
drawn from the Huttenlauch et al. (2021) production study and selected for their high perceptual congruence between intended and perceived
stimulus conditions across four speakers. Pitch range and final lengthening are measured at Name1 and Name2 positions; pause duration is
measured after Name2. Grouped stimulus conditions are shown in yellow, ungrouped stimulus conditions in green. Dashed lines indicate the zero
baseline; negative pitch range values reflect pitch falls. Violin plots show probability densities, boxplots show each median and quartiles.

task did not assess boundary perception but rather individual
auditory-perceptual acuity to the underlying acoustic cue strength.

The base stimuli for the continua were derived from original
recordings used in a perception experiment by de Beer et al. (2022),
in which a phonetically trained female speaker produced coordinate
three-name sequences with varied prosodic boundary realizations.
From these recordings, we selected the tokens exhibiting maximal
prosodic boundary cue expression, meaning those tokens where
the acoustic realization on Name2 (for pitch and final lengthening)
or immediately following Name2 (for pause) showed the strongest
manifestation of the relevant prosodic boundary cue. Specifically,
we selected the instance where (a) the pitch rise between the
stressed and unstressed syllable of Name2 showed the largest
excursion, (b) a clear and extended silent interval followed Name2,
or (c) the final segment of Name2 was maximally lengthened.

These maximally realized prosodic boundary cue segments
were extracted and used as base stimuli for constructing three JND
continua using custom Praat scripts (Boersma and Weenink, 1992-
2020). Each continuum spanned from the maximally expressed
prosodic boundary cue to a minimally expressed prosodic
boundary cue. Thus, the starting point of each continuum
represented the original, clearly perceivable prosodic boundary cue
(base stimulus), while the end point of each continuum (reference
stimulus) represented an acoustically neutral version with minimal
or no prosodic boundary cue expression. The intermediate steps
formed comparison stimuli with systematically decreasing prosodic
boundary cue strength.

Pitch rise continuum: The base stimulus was Name2 — Nelli,
produced with a pitch rise of 13 semitones. The pitch contour was
progressively flattened from 13 to 0 semitones in 0.005-semitone
increments, yielding a flat, non-rising contour as the reference
stimulus.

Pause duration continuum: The base stimulus was the
coordinate phrase Name2 und Name3 — “Moni [PAUSE] und Lilli”,
containing a 550 ms silent interval after Moni. The silence duration
was shortened from 550 ms to 0 ms in 1 ms increments, ending with
a reference stimulus without a pause.

Final lengthening continuum: The base stimulus was Name2
— Mimmi, produced with a final vowel duration of 225 ms
(approximately half of the total word duration). The final segment
was progressively shortened in 0.3 ms increments until reaching
61 ms, resulting in roughly equal syllable durations (no perceivable
final lengthening) as the reference stimulus.

Procedure

Auditory-perceptual acuity thresholds were measured using
an AXB oddball discrimination task with an adaptive staircase
procedure (based on Smith et al., 2020). Each participant completed
three separate JND tasks, one per prosodic boundary cue (pitch rise,
pause duration, final lengthening), administered in randomized
order. Each task began with a short practice block with visual
accuracy feedback until participants achieved four consecutive
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correct responses. No feedback was provided during experimental
trials.

Trial structure: In each trial, three auditory stimuli were
presented in an AXB sequence (either AAB or ABB) with 500ms
inter-stimulus intervals. On every trial, participants heard two
tokens: A reference stimulus with minimal (or no) prosodic
boundary cue expression (0 semitones pitch rise, 0 ms pause, 61
ms final lengthening) and a comparison stimulus with a detectable
prosodic boundary cue strength (from the respective prosodic
boundary cue continua). The acoustic difference between these two
stimuli—which we term the cue difference—determined how easy
or difficult discrimination was on that trial. Large cue differences
made discrimination straightforward, while small cue differences
approached the limits of perceptual discriminability.

The order of reference and comparison tokens was randomized,
resulting in trials presenting either two identical reference stimuli
and one comparison, or two identical comparison stimuli and
one reference. Participants identified the odd-one-out by pressing
the left arrow key (for ABB patterns) or right arrow key (for
AAB patterns). Visual response prompts remained on screen until
participants responded, showing corresponding arrow icons and
schematic stimulus patterns (with “A” boxes in green, “B” boxes in
black).

Adaptive procedure: The adaptive staircase dynamically
adjusted the cue difference presented on each trial to converge on
each participant’s discrimination threshold - the smallest acoustic
difference they could reliably detect. Each staircase began with the
maximum cue difference to ensure initial success: 13 semitones
for pitch rise, 550ms for pause duration, and 164ms for final
lengthening. After each trial, the cue difference for the subsequent
trial was adjusted based on performance: Correct responses
decreased the cue difference (making the next trial harder by
bringing the comparison stimulus closer to the reference stimulus),
while incorrect responses increased it (making the next trial easier
by moving the comparison farther from the reference).

The magnitude of these adjustments, i.e., the step size, also
changed dynamically throughout each staircase. Initial step sizes
were large to allow rapid descent from the maximum starting
difference toward the participant’s approximate threshold region,
then progressively decreased to enable precise threshold estimation:
From 0.75 to 0.005 semitones for pitch rise, from 30 to 1 ms for
pause duration, and from 7.5 to 0.3 ms for final lengthening. This
combination of large initial steps (for efficiency) and small later
steps (for precision) produced accurate threshold estimates within
a reasonable number of trials.

The staircase initially followed a 1-down-1-up adjustment rule,
where each correct response decreased the cue difference and
each incorrect response (would have) increased it, allowing rapid
initial convergence. After the first error, the procedure switched
to a 2-down-1-up rule requiring 2 consecutive correct responses
to decrease the cue difference but only 1 incorrect response to
increase it. This asymmetric rule converges on a performance level
of approximately 71% accuracy (Levitt, 1971), which provides a
stable estimate of the smallest reliably detectable cue difference
while avoiding ceiling or floor effects. A reversal occurred when
the adjustment direction changed from decreasing to increasing cue
difference or vice versa, indicating that the staircase had crossed the

participant’s threshold. The task stopped after either 120 trials or
18 reversals, whichever came first. JND threshold calculation was
based on the cue differences at reversal points.

Data pre-processing

The JND threshold for each prosodic boundary cue was
calculated as the mean of the six most stable consecutive reversal
points, defined as the set of six consecutive reversals exhibiting the
lowest standard deviation (Brunner et al., 2011; Oschkinat et al.,
2022). JND thresholds represent the smallest acoustic difference
a listener can discriminate; thus, lower thresholds indicate better
perceptual ability. However, to facilitate interpretation throughout
the analyses and to align with the intuitive meaning of “acuity”
(where higher values indicate better ability), JND values were z-
scored and direction-reversed such that higher auditory-perceptual
acuity scores correspond to better perceptual sensitivity. These
transformed thresholds are referred to throughout as pitch acuity,
pause acuity, and final lengthening acuity, representing each
participant’s z-scored auditory-perceptual acuity for the respective
prosodic boundary cue. Figure 2 displays the distributions of the
z-scored JND thresholds for each prosodic boundary cue.

Figure 3 visualizes individual auditory-perceptual acuities for
the tested prosodic boundary cue continua. Each column represents
one participant (ordered left-to-right by overall mean acuity),
and each row represents a prosodic boundary cue (pitch rise,
pause duration, final lengthening). The different color gradients
reflect standardized auditory-perceptual acuity scores relative to the
sample mean (warm = higher than mean; cool = lower than mean).
The figure reveals substantial variability in auditory-perceptual
profiles, both across participants and across prosodic boundary
cues. Some participants show consistently elevated (or reduced)
sensitivity across all auditory-perceptual acuity measures (uniform
color patterns within a column), whereas others exhibit selective
strengths for specific prosodic boundary cues, that is, relatively
higher auditory-perceptual acuity for some prosodic boundary cues
but not others (mixed colors within a column).

As is visible in Figure 3, the heatmap reveals both inter-
and intra-individual patterns in auditory-perceptual acuity. Many
participants display relatively consistent color patterns across
prosodic boundary cues, suggesting shared sensitivity across
prosodic boundary cues, while others show notable variation,
indicating cue-specific strengths and weaknesses. This pattern is
reflected in the moderate correlations between auditory-perceptual
acuity measures: Pitch and pause acuity correlated at r = 0.52
[95% CI [0.3, 0.69], n = 56], pitch and final lengthening acuity
at r = 0.30 [95% CI [0.04, 0.52], n = 57], and pause and final
lengthening acuity at r = 0.36 [95% CI [0.12, 0.59], n = 58].
These correlations indicate overlapping but not identical perceptual
sensitivities. Correlations were computed using Pearson’s product-
moment correlation between participants’ z-scored JND thresholds
(auditory-perceptual acuity) for each cue, based on pairwise
complete observations (n = 56–58 per cue pair). Participants with
higher auditory-perceptual acuity in one prosodic boundary cue
tend to show higher auditory-perceptual acuity for the others and
vice versa, but substantial individual variation remains, with some
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FIGURE 2

Distribution of auditory-perceptual acuity measures for each prosodic boundary cue. Panels show z-scored JND thresholds for pitch rise, pause
duration, and final lengthening. Only data from analyzed participants are shown (n = 57 pitch, n = 58 pause, n = 60 final lengthening).

FIGURE 3

Individual differences in auditory-perceptual acuity across prosodic boundary cues. Each column corresponds to one participant (ordered by their
mean acuity across cues), and each row corresponds to one prosodic boundary cue type (pitch rise, pause duration, final lengthening). Warm colors
indicate higher auditory-perceptual acuity relative to the sample mean, cold colors indicate lower auditory-perceptual acuity, and light yellow
represents values near the sample mean. Tiles marked with red crosses indicate missing auditory-perceptual acuity data for that participant-cue
combination, reflecting task-specific exclusions from the JND analysis (n = 3 excluded for pitch rise, n = 2 for pause duration; see Participant
exclusion criteria).

participants showing markedly different auditory-perceptual acuity
profiles across the three acoustic dimensions.

Participants

Sixty native German speakers (48 females) participated in
the study, with a mean age of 24.78 years (SD = 6.07,
range: 18–49). Participants had no reported history of speech
or language disorders, hearing impairments, or neurological
or psychological conditions. They received either monetary
reimbursement or course credit for completing two experimental

sessions (approximately 2 h each), scheduled on the same or
separate days based on availability. Of the two tasks reported here,
the JND task was conducted in the first session, while the second
session began with the gating task. The study was conducted in
accordance with the Declaration of Helsinki and approved by the
University of Potsdam Ethics Committee (approval code: 99/2020).
Informed consent was obtained from all participants.

Participant exclusion criteria

Gating task: No participants were excluded. Following Hansen
et al. (2023), we evaluated participant performance using three
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criteria: (a) Above chance accuracy at Gate 7 (> 50%), (b)
accuracy above the group mean minus 2SD at Gate 7, and (c)
no systematic response patterns. All participants met criteria
(a) and (c). However, we did not apply criterion (b). Hansen
et al. (2023) used the group mean minus 2SD threshold to
identify participants with unusually low performance, potentially
indicating poor task compliance. This criterion was not suitable
for our randomized-gate design, which was inherently more
difficult than their ascending design. Applying it would have
removed four participants with high accuracy (85–88%) who clearly
demonstrated task compliance.

JND task: No participants were excluded based on the pre-
registered criterion for adaptive staircase performance (Oschkinat
et al., 2022), which required JND thresholds to decrease below 70%
of the initial cue difference. However, following data inspection,
some participants exhibited extreme JND values for specific
prosodic boundary cues (Hofmann et al., Submitted). We thus
applied post-hoc exclusion criteria using the interquartile range
(IQR) rule, removing participants whose JND scores fell below Q1
– 2 × IQR or above Q3 + 2 × IQR for each prosodic boundary
cue separately. This led to the exclusion of three participants from
the JND pitch rise task, leaving N = 57, and two from the JND pause
duration task, leaving N = 58. No exclusions were made for the JND
final lengthening task (N = 60).

Statistical modeling

We analyzed binary responses (grouped vs. ungrouped) using
Bayesian generalized mixed-effects regression within a Signal
Detection Theory framework (Zloteanu and Vuorre, 2024), fitted
with the brms package and the Stan programming language
(Buerkner, 2018; Stan Development Team, 2020). Responses were
modeled using a Bernoulli family with a probit link function. The
outcome variable (response) was factor-coded with ungrouped as
the reference level, such that the model estimated the probability
of a grouped response. The probit link transforms predicted
probabilities into z-scores on the standard normal distribution. On
this scale, a coefficient of 1 represents 1 standard deviation (SD)
shift in the underlying decision variable, corresponding to a higher
or lower probability of responding grouped. This transformation
allows model coefficients to be interpreted as the extent to which
each predictor shifts a participant’s internal decision tendency
toward or away from responding grouped.

To address our primary hypothesis, we fitted four Bayesian
Signal Detection Theory probit regression models: Three separate
models, each including one auditory-perceptual acuity (pitch,
pause, or final lengthening acuity) as a predictor, and one
combined model including all three auditory-perceptual acuities
simultaneously. The fixed-effects structure for each model
comprised gate (levels 2, 3, 4, 5, 7), stimulus condition (grouped
vs. ungrouped), the relevant auditory-perceptual acuity measure(s),
and all two-way and three-way interactions among these predictors.
The combined model included the same structure but with terms
for pitch acuity, pause acuity, and final lengthening acuity (as well
as their interactions with gate and stimulus condition), allowing

us to estimate the unique contribution of each auditory-perceptual
acuity while accounting for shared variance among them (see
Veríssimo, 2023; Wurm and Fisicaro, 2014).

Stimulus condition was sum-coded (grouped = +0.5, ungrouped
= –0.5), such that the stimulus condition coefficient directly
reflected discriminability (how well participants distinguished
between the two stimulus conditions). Interactions involving
stimulus condition (e.g., gate × stimulus condition and auditory-
perceptual acuity × stimulus condition) represent changes in
discrimination as a function of accumulated prosodic information
or individual auditory-perceptual acuity. In contrast, model terms
that do not involve stimulus condition capture response bias,
or more concretely, participants’ tendency to respond grouped
or ungrouped independent of the actual stimulus condition.
Specifically, the intercept reflects overall response bias, while gate
and auditory-perceptual acuity main effects represent how this
bias changes across gates or with auditory-perceptual acuity level.
The factor gate (levels 2, 3, 4, 5, 7) was coded using (centered)
sliding-difference contrasts (Gate 3–2, Gate 4–3, Gate 5–4, Gate 7–
5), quantifying how discrimination and bias change as additional
acoustic information becomes available. Since auditory-perceptual
acuity measures were z-scored (mean = 0, SD = 1), coefficients
represent effects associated with a 1SD difference in auditory-
perceptual acuity.

Following Barr et al. (2013), we aimed for maximal random-
effects structures but constrained complexity to ensure model
identifiability given the available data (Bates et al., 2015). The
final models included random intercepts for subjects, items, and
speakers, random slopes for gate and stimulus condition by subject,
and random slopes for gate, stimulus condition, and the relevant
auditory-perceptual acuity by item, with correlated random effects.
Speaker was included only as a random intercept (not as a random-
slope term), since variance estimates become unreliable with fewer
than five grouping levels and we only had four speakers (Bolker,
2015).

Model results reported in the main text are based on
weakly-informative priors, with normal distributions centered at
zero and standard deviations varying by parameter type (see
Supplementary material for specific values). These priors were
chosen to rule out implausible extremes while allowing large
effects in either direction, following current recommendations
(see Gelman et al., 2008; Ghosh et al., 2018; McElreath, 2020;
Vasishth et al., 2018). Prior predictive checks confirmed that
these choices produced reasonable data-level predictions. The
detailed prior specifications for all models are provided in
Supplementary material.

Hypothesis testing was performed using Bayes Factors, which
quantify evidence strength for an effect by comparing the model
(i.e., the alternative hypothesis, H1) including the effect to a
null model (i.e., the null hypothesis, H0), where the effect is
excluded. Since Bayes Factors are sensitive to prior specifications,
we conducted a sensitivity analysis with five different prior
configurations, ranging from narrower (moderate and strong
informative) to wider (moderate wide and wide) settings compared
to our default weakly-informative priors. We calculated natural-
logged Bayes Factors (lnBF10) using the Savage-Dickey method
(Dickey and Lientz, 1970; Wagenmakers et al., 2010), where values
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> 1 indicate evidence for H1 (the respective effect), values < –1
support H0 (absence of the effect), values between –1 and 1 are
inconclusive, and values > 3 represent strong evidence for H1
(Jeffreys, 1991; Kass and Raftery, 1995; Veríssimo, 2025). Effects are
considered reliable when they meet these thresholds (lnBF10 > 1 or
> 3) in the base model and show consistent direction and magnitude
across prior-sensitivity analyses.

Model convergence was judged by R̂ ≤ 1.01, adequate effective
sample sizes, and stable trace plots. Finally, model quality was
assessed with posterior predictive checks by comparing model
predictions to the observed data distribution.

Results

Below, we report estimates from the three separate auditory-
perceptual acuity models (pitch acuity, pause acuity, final
lengthening acuity), unless otherwise noted. The complete
results for both, the separate models and the combined model,
can be found in Supplementary material. Since the auditory-
perceptual acuity measures are uncorrelated with our experimental
factors (stimulus condition, gate), estimates for effects not
involving auditory-perceptual acuity are nearly identical across
specifications (see fixed effects tables in Supplementary material).
For effects involving auditory-perceptual acuity, we report both,
separate and combined model estimates to reveal how auditory-
perceptual acuity effects change when modeled independently vs.
simultaneously (i.e., when pitch acuity, pause acuity, and final
lengthening acuity are simultaneously included as predictors in the
same statistical model).

Overall discriminability

Participants demonstrated strong discriminability between
grouped and ungrouped stimulus conditions. Across all three
separate auditory-perceptual acuity models, the main effect of
stimulus condition was large and consistent (pitch acuity model:
b = 1.93 probit units, 95% CI [1.54, 2.28], lnBF10 = 37.07; pause
acuity model: b = 1.92, 95% CI [1.54, 2.25], lnBF10 = 40.45;
final lengthening acuity model: b = 1.87, 95% CI [1.51, 2.20],
lnBF10 = 42.10). These estimates represent performance averaged
across gates and evaluated at mean auditory-perceptual acuity,
reflecting the mean-centering of the auditory-perceptual acuity
predictors. These results provide robust evidence that participants
could reliably distinguish the two prosodic boundary stimulus
conditions, confirming that the bottom-up acoustic differences
between stimulus conditions were effective in eliciting differential
perceptual responses and validating the experimental paradigm.

Discriminability changes from gate to gate

Figure 4 presents the discriminability trajectory across gates,
illustrating the gate × stimulus condition interaction. These
effects capture how discriminability evolves with increasing
gates, reflecting the general temporal pattern of discriminability
improvement from one gate to the next, averaged across all

FIGURE 4

Discriminability (dprime) across gates, at mean auditory-perceptual
acuity levels, showing progressive improvement in discriminating
between stimulus conditions as more and more acoustic material
becomes available. dprime quantifies how well listeners distinguish
grouped from ungrouped stimuli at each gate independent of
response bias, derived from the probit model’s estimated group
mean discriminability. Points with error bars show mean dprime and
95% credible intervals at each gate for pitch (blue circles), pause
(yellow triangles), and final lengthening (red squares)
auditory-perceptual acuity models. Dashed lines indicate trajectories
across gates.

participants regardless of individual differences in auditory-
perceptual acuity. Since higher gates contain more acoustic
information than lower gates, the interaction reveals the points in
time at which critical prosodic information becomes available. Our
analysis included Gates 2–5 and Gate 7, excluding Gate 1 due to
unstable performance patterns (Hansen et al., 2023) and Gate 6
because it provided equivalent prosodic boundary cue information
to Gate 7, making it redundant given that prosodic boundary cues
in the grouped stimulus condition are maximal at/after the second
name (Huttenlauch et al., 2021).

As can be seen in Figure 4, starting from the initial name at
Gate 2 (e.g., “Moni”), discriminability (dprime) remained relatively
stable throughout the addition of the first conjunction at Gate 3
(e.g., “Moni und”) and the first syllable of the second name at Gate 4
(e.g., “Moni und Li”). A sharp increase in discriminability occurred
when the complete second name became available at Gate 5 (e.g.,
“Moni und Lilli”), providing full access to pitch range and final
lengthening cues after Name2. Discriminability improved further
at Gate 7 (e.g., “Moni und Lilli und Manu”), when the full three-
name coordinate structure was revealed and the pause after Name2
became perceivable. This temporal trajectory emerged consistently
across all three separate auditory-perceptual acuity models.

The gate-by-gate contrasts confirmed this pattern: Performance
at Gate 3 vs. 2 showed small improvements in discriminability with
inconclusive evidence for the effect: Pitch acuity model: b = 0.21,
95% CI [0.02, 0.39], lnBF10 = 0.18; pause acuity model: b = 0.20,
95% CI [0.01, 0.39], lnBF10 = –0.04; final lengthening acuity model:
b = 0.22, 95% CI [0.03, 0.41], lnBF10 = 0.58. The discriminability
improvement from Gate 4 vs. 3 was even smaller and non evident:
Pitch acuity model: b = 0.03, 95% CI [–0.17, 0.24], lnBF10 = –2.30;
pause acuity model: b = 0.05, 95% CI [–0.14, 0.25], lnBF10 = –
2.22; final lengthening acuity model: b = 0.03, 95% CI [–0.17, 0.22],
lnBF10 = –2.37.
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A critical shift, however, occurred when performance at Gate 5
was compared against performance at Gate 4: Pitch acuity model:
b = 1.85, 95% CI [1.34, 2.30], lnBF10 = 36.53; pause acuity model:
b = 1.85, 95% CI [1.33, 2.30], lnBF10 = 37.84; final lengthening
acuity model: b = 1.83, 95% CI [1.31, 2.28], lnBF10 = 36.80. This was
followed by a continued improvement at Gate 7: Pitch acuity model:
b = 1.66, 95% CI [1.14, 2.16], lnBF10 = 9.32, pause acuity model: b
= 1.57, 95% CI [1.09, 2.05], lnBF10 = 8.41, final lengthening acuity
model: b = 1.48, 95% CI [1.08, 1.88], lnBF10 = 28.68.

Discriminability modulation by
auditory-perceptual acuities

Figure 5 displays the relationship between auditory-perceptual
acuities and discriminability across the separate and combined
models, illustrating the stimulus condition × auditory-perceptual
acuity interactions. These effects captured whether individual
differences in auditory-perceptual acuities explain variability in
overall discriminability (i.e., across all gates). Specifically, they
examined whether participants with higher auditory-perceptual
acuity showed an enhanced ability to distinguish grouped from
ungrouped stimuli based on the partial prosodic information
available in the gated stimuli compared to participants with
lower auditory-perceptual acuity. We examined these relationships
using two complementary analytical strategies: Fitting separate
models for each auditory-perceptual acuity measure (pitch,
pause, final lengthening acuity), and fitting a combined model
including all three auditory-perceptual acuities together. The
separate models establish whether each auditory-perceptual acuity
predicts boundary discrimination when examined in isolation.
The combined model additionally reveals whether any auditory-
perceptual acuity provides unique predictive power beyond the
others, or whether effects attenuate due to shared variance among
the auditory-perceptual acuity measures (see Veríssimo, 2023;
Wurm and Fisicaro, 2014).

The colored regression lines in Figure 5 show the separate
models; the gray regression lines show the combined model.
When examined separately, all three auditory-perceptual acuities
demonstrated clear positive relationships with discriminability,
evidenced by the steeper colored slopes. The substantially flatter
gray slopes reveal that when all auditory-perceptual acuities are
accounted for together in the combined model, the individual
effects attenuated. This pattern suggests that all three auditory-
perceptual acuity measures share considerable predictive variance.

Separate acuity models: When tested separately, both, pause
acuity [b = 0.29, 95% CI [0.11, 0.47], lnBF10 = 2.29] and final
lengthening acuity [b = 0.25, 95% CI [0.07, 0.44], lnBF10 =
1.21] showed evidence for effects on boundary discriminability,
indicating that participants with better sensitivity to these
temporal prosodic boundary cues demonstrated enhanced ability
to distinguish grouped from ungrouped stimulus conditions. Pitch
acuity showed a slightly more modest contribution [b = 0.22,
95% CI [0.03, 0.42], lnBF10 = 0.22], with inconclusive evidence,
suggesting that pitch sensitivity may be less central to this particular
boundary detection task.

Combined acuities model: When all three auditory-perceptual
acuities were modeled simultaneously, each individual effect
became substantially attenuated: Pause acuity dropped from b =
0.29 to b = 0.17 [95% CI [–0.07, 0.40], lnBF10 = –1.12], final
lengthening acuity dropped from b = 0.25 to b = 0.11 [95% CI
[–0.11, 0.33], lnBF10 = –1.69], and pitch acuity similarly dropped
from b = 0.22 to b = 0.11 [95% CI [–0.11, 0.33], lnBF10 = –1.74].
Evidence actually favored the null hypothesis for all three auditory-
perceptual acuity types, suggesting that none of the three auditory-
perceptual acuities provides a unique discriminative advantage
when the others are accounted for.

Gate-specific discriminability modulation
by auditory-perceptual acuities

Figure 6 visualizes the relationship between auditory-
perceptual acuity and discriminability across gates, illustrating
the stimulus condition × auditory-perceptual acuity × gate
interaction. These effects captured whether the relationship
between auditory-perceptual acuity and boundary discriminability
differed across gates as acoustic information accumulated. In
particular, we examined whether auditory-perceptual acuity
advantages were particularly pronounced at early gates where
prosodic boundary cues are more subtle. As with the two-way
interactions, we examined these relationships using separate
models (testing each auditory-perceptual acuity individually) and
a combined model (testing all three simultaneously) to determine
whether any auditory-perceptual acuity shows gate-specific effects
beyond the others.

The trajectories in Figure 6 show that discriminability improves
from early to later gates (consistent with the gate × stimulus
condition interactions), but critically, the separation between
higher and lower auditory-perceptual acuity levels remains
consistent across all gates. Participants with higher auditory-
perceptual acuity demonstrated better discrimination at every gate,
rather than showing particularly strong advantages at early gates
where prosodic boundary cues are subtle.

Separate acuity models: All three-way interactions showed
evidence against modulation across gates, with effect sizes ranging
from -0.40 to 0.21 probit units and lnBF10 values from –
2.40 to –1.03. An exception occurred with final lengthening
acuity at Gate 7 vs. 5, where evidence was inconclusive [b
= –0.24, 95% CI [–0.60, 0.13], lnBF10 = –0.82], representing
the largest three-way interaction observed in the separate
models.

Combined acuities model: The pattern was similar to those
in the separate auditory-perceptual acuity models, with all three-
way interactions showing evidence against gate-specific modulation
(lnBF10 from –2.31 to –1.11). Again, the final lengthening acuity ×
Gate 7 vs. 5 × stimulus condition interaction yielded inconclusive
evidence [b = –0.45, 95% CI [–0.92, –0.01], lnBF10 = 0.50],
consistent with the separate model finding.

Simple effects analysis revealed that auditory-perceptual acuity
effects remained present across all gates. This demonstrates that
the lack of evidence for three-way interactions reflects uniform
auditory-perceptual acuity facilitation rather than absent effects.
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Thus, better auditory-perceptual acuity enhances discriminability
consistently across gates rather than providing differential
advantages at specific gates.

Response bias

Response bias reflects participants’ tendency to
favor one response option over another, independent of
their actual discrimination performance. These analyses
thus examine whether participants showed systematic
preferences for grouped or ungrouped responses and whether
such biases varied with auditory-perceptual acuity or
gate progression.

Participants showed no systematic response preferences overall
(intercepts near zero, all lnBF10 < –1). Auditory-perceptual
acuity did not influence baseline bias (all lnBF10 < –1.5). A
small shift in bias emerged at Gate 3 vs. 2, with participants
becoming slightly more likely to respond grouped (b = 0.22–0.24,
lnBF10 > 2.8), while other gate transitions showed inconclusive
effects (all lnBF10 between –0.73 and 0.36). Furthermore,
auditory-perceptual acuity did not systematically modulate bias
changes across gates: Most gate × auditory-perceptual acuity
interactions showed evidence against effects (b = –0.09 to
0.01, lnBF10 from –2.33 to –1.14), except for the Gate 7
vs. 5 × auditory-perceptual acuity interaction, which showed
inconclusive evidence (b = 0.14 – 0.16, lnBF10 = between 0.04
and 0.44).

Discussion

This study investigated how auditory-perceptual acuity
for prosodic boundary cues relates to the ability to predict
grouping structure (i.e., syntactic grouping) from partial prosodic
information in gated speech. We modified the design from Hansen
et al. (2023) who identified substantial individual differences
in boundary prediction using a similar gating paradigm: In
their study, approximately 60% of participants updated their
predictions incrementally from early gates, while the remaining
40% maintained consistent responses until later gates when clear
boundary evidence had accumulated. However, the ascending gate
presentation used by Hansen et al. (2023) made it impossible to
distinguish whether “waiting” listeners genuinely lacked perceptual
abilities or whether they strategically withheld responses. We
addressed this issue by measuring individual differences in
auditory-perceptual acuity for pitch, pause, and final lengthening
discrimination in a randomized-gate paradigm, testing whether
facilitation was uniform across gates or gate-specific as acoustic
information unfolds.

Overall, participants successfully predicted grouped vs.
ungrouped structures from prosodic information. The large main
effect of stimulus condition confirmed that the acoustic differences
between stimulus conditions enabled reliable prediction and
that the experimental paradigm worked as intended. Prediction
performance improved systematically as more acoustic information
became available across gates, with the critical shift occurring at
Gate 5 when the complete second name (Name2) became available,
demonstrating that listeners required sufficient pitch and final

FIGURE 5

Discriminability (dprime) as a function of auditory-perceptual acuity across separate and combined models. Each panel shows how discriminability
relates to (A) pitch acuity, (B) pause acuity, and (C) final lengthening acuity, measured in probit units. Colored lines show separate models for each
auditory-perceptual acuity type; gray lines show the combined model including all three auditory-perceptual acuities simultaneously. Shaded areas
represent 95% credible intervals.
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FIGURE 6

Discriminability (dprime) by auditory-perceptual acuity level and gate position. (A–C) show separate models (each auditory-perceptual acuity
modeled independently); (D–F) show the combined model (all auditory-perceptual acuities modeled simultaneously). Points represent median
dprime with 95% credible intervals at three auditory-perceptual acuity levels, with darker colors indicating lower auditory-perceptual acuity
(mininum, ca. –2SD) and lighter colors indicating higher auditory-perceptual acuity (maximum, ca. +1SD). Dotted lines connect estimates across
gates. Blue = pitch acuity, yellow = pause acuity, red = final lengthening acuity.

lengthening cue information to reliably predict the grouping
structure. As visualized in Figure 1, pitch range distributions
showed a moderate distinction between grouped and ungrouped
stimulus conditions across both name positions, while final
lengthening displayed clear distributional differences only at
Name2, making this the earliest point at which both prosodic
boundary cue types provided reliable boundary information.

With respect to our research question on how auditory-
perceptual acuity for prosodic boundary cues relates to
predicting syntactic structure from partial prosodic information,

we found that participants with higher auditory-perceptual
acuity demonstrated better structural prediction. When tested
separately, both pause acuity and final lengthening acuity
facilitated structural prediction, whereas pitch acuity did not
show clear evidence for a facilitatory effect. However, when
all three auditory-perceptual acuity measures were modeled
simultaneously, the effects attenuated, that is, each individual
auditory-perceptual acuity effect was reduced by approximately
fifty percent and none of them retained statistical support. This
attenuation indicates that the three auditory-perceptual acuity
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measures share considerable predictive variance rather than
contributing independently, consistent with their moderate
intercorrelations.

Crucially, this facilitation pattern was observed across all
gates rather than being particularly pronounced at the early
gates where the acoustic information is weakest. This contradicts
our hypothesis that auditory-perceptual acuity would provide
its strongest advantages when subtle prosodic boundary cue
distinctions require fine-grained perceptual resolution, with these
advantages diminishing as acoustic evidence accumulates. Instead,
better bottom-up auditory-perceptual acuity provides general
processing advantages throughout the accumulation of evidence
rather than selectively enhancing prediction when prosodic
boundary cues are ambiguous.

Response bias analyses confirmed that participants’ baseline
response preferences were not influenced by auditory-perceptual
acuity. Participants with higher auditory-perceptual acuity did
not adopt different response strategies nor did they favor one
grouping structure over the other. Instead, they predicted the
upcoming grouping structure more effectively at all gates based
on the available prosodic information. This supports the idea that
auditory-perceptual acuities enhance prosodic boundary prediction
through perceptual sensitivity rather than decision-level strategies.

Our findings extend prior research on prosodic processing
by showing that individual differences in bottom-up auditory-
perceptual acuity relate to top-down prediction of syntactic
structure during incremental sentence comprehension (e.g., Cole
et al., 2010; Ferreira and Karimi, 2015; Wagner and Watson,
2010). While previous studies have emphasized the role of acoustic
boundary cues such as pitch movements, silent pauses, and final
lengthening in boundary perception (e.g., Cangemi et al., 2015;
Ganga et al., 2024; Holzgrefe-Lang et al., 2016; Petrone et al., 2017;
Schubö et al., 2023), they have largely focused on group-level effects
or prosodic boundary cue interactions without accounting for
perceptual variability across listeners. Our findings are novel in that
they link isolated auditory-perceptual discrimination thresholds
for prosodic boundary cues to predictive processing in a gated
paradigm. The shared variance among auditory-perceptual acuities
indicates integrated rather than isolated cue-specific mechanisms,
which contribute to enhanced top-down boundary prediction.
This is consistent with current views on prosody processing
emphasizing a more integrated, spectrotemporal framework for
prosodic boundary perception (e.g., Brugos and Barnes, 2014;
Cohen et al., 1953), where auditory-perceptual acuity may act as
a domain-general facilitator of prosodic phrasing. Theoretically,
these results are consistent with predictive coding models of
speech perception (e.g., Park et al., 2018; Preisig and Meyer, 2025;
Sohoglu et al., 2012), which posit that listeners generate top-
down expectations about upcoming structure based on bottom-up
sensory input. Our results suggest that finer auditory-perceptual
resolution may equip listeners to better exploit unfolding prosodic
information, thereby supporting the incremental syntactic analysis
of the utterance (e.g., Clifton et al., 2002; Frazier et al., 2006),
particularly in ambiguous contexts like coordinate structures (e.g.,
Kentner and Féry, 2013).

Our finding that auditory-perceptual acuity effects are not
confined exclusively to the earliest gates, but persist across the

unfolding signal, has implications for the timing of prosodic-
syntactic integration during grouping prediction. Classical
immediate-integration accounts (e.g., Tanenhaus et al., 1995)
predict that prosodic information should influence syntactic
parsing as soon as it becomes available, whereas delayed-
integration accounts (see Cutler et al., 1997) assume that prosodic
cues are initially buffered and only affect syntactic commitments
once sufficient evidence has accumulated. Neurophysiological
evidence supports rapid sensitivity to prosodic boundary cues:
ERP studies show early neural responses to prosodic boundaries,
indexed by the Closure Positive Shift (CPS), which can emerge
as soon as boundary-related prosodic information becomes
available and does not depend on the presence of pauses or
later syntactic input (e.g., Holzgrefe-Lang et al., 2016; Steinhauer
et al., 1999; see also Holzgrefe et al., 2013). CPS effects have
been observed even when boundary perception relies on subtle
cue combinations such as pitch change and final lengthening,
indicating early neural integration of prosodic structure. Our
behavioral findings complement this evidence by showing that
auditory-perceptual acuity provides a sustained processing
advantage across information accumulation, rather than a sharp
early-gate effect. This pattern is most consistent with continuous
integration models (e.g., Kuperberg and Jaeger, 2016), in which
prosodic and syntactic information are incrementally integrated
and individual differences in perceptual precision modulate
processing continuously rather than at discrete decision points, in
line with predictive-processing accounts emphasizing continuous
precision weighting (e.g., Friston, 2010).

Some limitations warrant consideration. First, our perceptual
JND AXB threshold tasks capture isolated prosodic boundary cue
discrimination but may not reflect how listeners integrate multiple
acoustic cues in natural speech. Second, the shared variance
among auditory-perceptual acuity measures leaves open whether
this reflects domain-general auditory sensitivity or correlated
but distinct perceptual abilities; larger samples or orthogonal
prosodic boundary cue manipulations are needed to clarify
this. Future work should involve larger cohorts and combine
behavioral measures with neurophysiologic methods to identify the
neural mechanisms underlying prosodic boundary cue processing.
Examining the interaction of bottom-up perceptual abilities and
top-down prediction in more naturalistic, multi-cue contexts would
additionally help to determine whether the shared behavioral
variance reflects common neural resources or coordinated but
partly independent processes.

Conclusion

In conclusion, individual differences in auditory-perceptual
acuity affect how well listeners exploit prosodic information for
structural prediction, providing consistent advantages regardless of
the available acoustic information strength. Importantly, listeners
do not process prosodic boundary cues independently but rather
integrate them incrementally during processing. Our findings also
suggest that the individual differences in exploiting bottom-up
prosodic information for top-down syntactic prediction observed
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by Hansen et al. (2023) likely reflect underlying differences
in auditory-perceptual abilities rather than differences in task
strategies or cue-specific processing mechanisms.
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