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Abstract

This pupillometric study investigates the relevance of domain-
final intonation for attention-orienting in German, employing a
changing-state oddball paradigm with rising, falling and
neutral intonation on deviant stimuli. Pupil dilation responses
(PDR) to deviants were shown to be affected by their intonation
contours, strengthening the case for the role of intonational
edge tones in attention-orienting. Moreover, the magnitude and
duration of the PDR response was higher for rises than falls,
indicating the fundamental role of intonational rises for the
activation of the attention-orienting mechanism in speech
perception.
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Introduction

Humans are confronted everyday with an influx of sounds
coming from several sources. In a given auditory
environment, some of the sound events might be unexpected,
rare, or new. The cognitive system has the ability to detect
such sounds, and consequently activate an attention-orienting
response. In auditory perception, it is well attested that the
orienting response is sensitive to the physical properties of
the signal. For example, rises in amplitude or pitch of sine
waves form essentially intrinsic warning cues with ripple
effects, prompting auditory looming, and, in turn, activating
attentional resources, which are expressed in a series of
enhanced neural, psychological, or physiological reflexive
responses (e.g., Naatdnen et al., 1978; Rinne et al., 2005;
2006, Macdonald & Campbell, 2011; among others). In
language perception, intonational rises are also pivotal cues,
as they are used for getting interlocutors’ attention (e.g., for
asking questions across languages, e.g., Dingemanse et al.,
2013), directing listeners’ attention towards the most
important part and/or an unexpected change in an utterance
(e.g., Lialiou et al., 2024), even guiding attention in serial
recall tasks (e.g., Savino et al., 2020 for edge tones; Rohr et
al., 2022 for both pitch accents and edge tones). In this
pupillometric study, we thus delved into the relevance of
domain-final rises (the reflex of phrase-final high edge tones)
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for attention-orienting in German. Using a changing-state
oddball paradigm, in which auditory sequences of
sequentially ordered ascending numbers (standards) were
occasionally interspersed with an out-of-sequence number
(deviant), we investigated whether rising pitch in speech
takes on a special role in attention-orienting, by measuring
pupil dilation responses (PDR) to arithmetic deviancies.

Over the years, many studies have investigated the
mechanism that underpins attention-orienting. One of the
mechanisms deemed to underlie auditory attention-orienting
is the expectancy-violation mechanism (e.g., Vachon et al.,
2012; Naatanen et al., 2019 among others). More specifically,
the auditory system is able to develop expectations by
detecting regularities in the sound environment, and thus
predict upcoming sound events. When a deviant sound occurs
instead of an anticipated event, it attracts attention, initiating
an orienting response. The current study addressed how
attention-orienting in response to deviancies in numeric
sequences is modulated by the intonation pattern that these
deviancies feature. In our study, standard numbers featured a
shallow falling intonation (hereafter, neutral intonation), a
pattern that can be used on non-final items of a list in German.
Deviant numbers were produced with one of three
intonational patterns: neutral, final rising, or final falling
intonation. Although both domain-final rises and falls
naturally occur at the end of sequences (or subsequences) in
lists, rises tend to indicate that there is more to come, whereas
falls indicate finality (e.g., Grabe, 1998; Baumann &
Trouvain, 2001; Chen, 2003; Peters, 2018).

Our prediction was that the presentation of a deviant
number (as in 23, 24, 25, 27, 28...) will disrupt the anticipated
pattern, evoking a shift in the attentional resources. This
prediction is based on the claim that the attention-orienting
response is underpinned by an expectancy-violation
mechanism (e.g., Vachon et al., 2012). Assuming that
attention-orienting is indexed, at least in part, by PDR
excursions, the disruption of the anticipated pattern caused by
the deviant number will capture attention, which in turn will
induce a PDR. Based on the association between attention-
orienting and rising pitch found in previous work (e.g.,
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Lialiou et al., 2024), we further predicted that a final rise on
deviants will result in greater disruption, thus inducing a
greater PDR compared to deviants with final falls or neutral
intonation.

The attention-orienting response has been linked to
various physiological responses, such as heart and respiratory
rate, electrodermal, vasoconstrictive, neural, as well as
pupillary reactions (e.g., Hughes et al., 2007; Liao et al.,
2016; Marois et al., 2018; Marois et al., 2019; Naatanen et
al., 2019 among others). Pupillary responses, and more
specifically, PDR has been mainly used as a correlate of
cognitive effort, heightened attention, expectancy violation,
and memory consolidation (see Winn et al., 2018 for review).
PDR is of particular interest for us because it has been
identified as a rigorous (psycho)physiological index of
auditory attention-orienting, by a growing number of studies,
similar to the neural MMN/P3 responses observed using
event-related potential measures. Studies have also reported
that PDR is sensitive to the physical characteristics of the
deviant sound events. For example, it has been found that the
more intense the acoustic properties of a deviant, the larger
the magnitude of the PDR (e.g., Liao et al., 2016; Wetzel et
al., 2016; Marois et al., 2018). These findings align with
(neuro)cognitive and linguistic research on the relevance of
different auditory cues on attention-orienting, suggesting that
in both cognitive and linguistic domains, the intrinsic
properties of deviant events are essential in attracting
attention (e.g., N&atanen et al., 1978; Rinne et al., 2006;
Paavilainen et al., 2006; Bach et al., 2008; Macdonald &
Campbell, 2011; Chobert et al., 2011; Tsang et al., 2011;
Dingemanse et al., 2013; Liao et al., 2016; Wetzel et al.,
2016; Li & Chen, 2018; Marois et al., 2018; Lialiou et al.,
2024; among others).

Methods

Participants

Sixty native speakers of German (fifty-four female; six male),
aged between 19 to 38 years old (mean age = 22 years, and 6
months SD = 3.34) participated in this study. Participants
were provided with a written informed consent in accordance
with the Declaration of Helsinki and in compliance with the
ethics clearance from the Ethics Board of the Deutsche
Gesellschaft fir Sprachwissenschaft (DGfS). Participants
received reimbursement for their participation (either course
credit or monetary compensation). None of them reported any
speech, hearing, or neurological impairment.

Speech Materials

The auditory stimuli comprise sequentially ascending
ordered lists of numbers, i.e., seriatim ascending numeric
sequences, consisting of 17 numbers (medium sequence
length) or 22 numbers (long sequence length). They were
combined with three different prosodic realizations (neutral,
rise, fall) on the deviant number. In total, 36 different
experimental numeric sequences were constructed for this
study, that is 6 different numeric sequences x 2 different
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lengths x 3 prosodic conditions. They were combined with 36
filler items, which did not include a deviant in the sequence.
Figure 1 illustrates instantiations of filler and experimental
materials.

The experimental items introduced numeric deviances,
i.e., included a number out of sequence, called deviant
number. To achieve this, one or two consecutive numbers
were omitted from the sequence. Specifically, three out of the
six numeric sequences, per prosodic condition and sequence
length, introduced the deletion of one consecutive number,
and the remaining three numeric sequences introduced the
deletion of two consecutive numbers. The controlled
variation in deletion of one or two consecutive numbers
served to increase the difficulty of the task. To control for
potential effects of deviant position in the sequences, the
deviant was introduced at two different positions: position 11
in the medium sequence length and position 16 in the long
sequence length, as shown in the second panel of Figure 1.
Sequence length served the purpose of making the position of
the deviant less predictable throughout the experiment.

Filler items.

#position | 1 |z| \3‘ 1 | 15 ‘ m| 7 ‘

90 91 92 83 94 95 96

2|z‘4|a‘n|7‘s

80 81 82 B3 84 85 & 87

n‘m n

sequence 85 89

# position | ¢ 2 34|56 T8 | @ [ 10| 1| 1213|1415 |16 (17181020

sequence | 74 15 16 17 18 18 20 21 22 23 24 256 26 27 28 29 30 31 32 33

Experimental items.

deviant

# position ) ‘ 0] n |2| wa‘ 14 | 15

“G|W‘

45 46 48 49 50 51 52 53 54

sequence | 37 38 39 40 41 42 43 44

deviant

# pasition | 4 A|J‘4|5‘b|."ﬁ s‘w n |1|u‘14|‘:‘|b|1f“.‘||9‘u nla

86 67

sequence | 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 61 62 63 64 65

Figure 1: Example filler and experimental materials
illustrating the different lengths of the numeric sequences
used as well as the two different deviant positions in the
experimental items.

The rise and fall conditions in the prosodic manipulation
involved domain-final pitch movements reflecting phrase-
final High and Low edge tones respectively. The prosodically
neutral condition served as a baseline. The experimental
sequences included numbers between 22 and 99 which
consisted of either two (e.g., 50 funfzig ['fynftsi¢]), four (e.g.,
52 zweiundfinfzig [ tsvaruntfynftsi¢]) or five syllables (e.g.,
57 siebenundfinfzig ['zi:benuntfynftsic]) always with
primary stress on the first syllable, allowing enough time for
the different intonation contours to unfold. The deviant
numbers consisted mainly of four syllables (32 out of the 36
target numbers), while four of them were pentasyllabic. An
example of a numeric sequence for each of the three prosodic
conditions is depicted in Figure 2. In the rising condition, all
numbers in the sequence were produced with the same
intonation, that is a shallow falling contour (hereafter, neutral
intonation), an intonational contour that can be featured on
non-final items of a sequence or list in German, except for
the deviant which was prosodically manipulated, realized
with a final rising intonational contour, the reflex of a phrase-



final high edge tone. In the falling condition, similarly to the
rising one, all numbers in the sequence were produced with
the same neutral intonation, but the deviant was prosodically
manipulated, this time realized with a final falling
intonational contour, the reflex of a phrase-final low edge
tone. A neutral condition, in which all numbers in the
sequence were produced with the shallow falling intonation
without prosodic manipulation of the deviant, served as
baseline condition. Across all three conditions, the last
number of every sequence was realized with a final falling
intonational contour in order to mark the end of that
sequence.

i) nising condition:

ii) falling condition:

W AL RO WG R R SR

iii) neutral condition:

WL WG RGO RO A0 R WG ARG #U A RG] WG R R Y

A2y

2 [ B | 25 | 26 | 27 | 28 | 20 [ 30 | 31 | 34 | 35 | 3 | 37 | 33 | 39 |40 ]

Figure 2: Speech waveform & FO contour (100-300Hz) of
a sample experimental sequence per condition.

The filler items were constructed without a deviant in the
sequence, enhancing the creation of the sequentially
ascending ordered numeric pattern. The filler items consisted
of a different range of numbers compared to the experimental
ones to ensure variability in the sequences’ construction. This
range was between 2 and 99, consisting of either one, two,
four, or five syllables always with primary stress on the first
syllable. Filler items were comparable to the experimental
items with regards to the prosodic conditions to ensure that
participants could not identify the deviant in the experimental
items just by tuning into the prosodic manipulation. Twelve
of the filler items highlighted a number in the sequence with
a boundary rising intonational contour (comparable to the
rising condition), another twelve items highlighted a number
in the sequence with a boundary falling intonational contour
(comparable to the falling condition), and finally, twelve
items had no additional prosodic manipulation (comparable
to the neutral condition). Fillers differed from experimental
items in that the position of the prosodically manipulated
number in the sequence was fully randomized to ensure that
participants would not be able to predict a particular position
in the sequence which differed prosodically from the rest.

Participants were presented with all 72 items (36
experimental and 36 fillers; 12 for each of the three prosodic
conditions) in a fully counterbalanced design. Specifically,
items were distributed in three lists. Each list presented all
items and conditions but never the same item across
conditions. The 72 items were further distributed across three
blocks with 24 items each (12 experimental and 12 fillers).
The order of the items in each block was pseudo-randomized
with at most three consecutive experimental items but never
from the same condition. To control for systematic order and
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frequency effects potentially induced by the exposure to
block and/or item order, the three fully-counterbalanced lists
were created with different block order and item so that each
list presented all items and blocks but never the same item
across blocks and never the same block order. Each
participant heard only one of the lists.

All stimuli were produced by a phonetically trained 38-
year-old female native speaker of German and recorded with
a sampling rate of 44.100 Hz and 16-bit resolution (mono).
To ensure a natural speech production of the items, first, the
speaker produced all numbers from 0 to 100 in separate
blocks as a function of prosodic conditions (e.g., neutral
prosody: 0, 1, 2, 3...100; rising prosody: 0, 1, 2, 3...100;
falling prosody: 0, 1, 2, 3,...100). Subsequently, all number
renditions were cut from each block, saved as individual
audio files, and concatenated into the different numerical
sequences using Praat (Boersma & Weenink, 2023). The
inter-stimulus interval between spliced numbers was 100 ms.
The average duration of the medium and long length
sequences was 24.86 ms and 25.21 ms respectively. All
stimuli used in the experiment were normalized at —23 LUFS
but not manipulated further.

Acoustic Characterization of Speech Materials

For the acoustic characterization of the deviant numbers in
the sequences, we employed the relative Delta fO (Af0) metric
from the ProPer toolbox, an open-source toolbox based on
continuous measurements of periodic energy and fO (Albert
et al., 2020; Albert, 2023). AfO describes the fO trajectory
across syllables, using both fO and periodic energy, indicating
f0 changes from syllable to syllable by calculating the
difference from the previous one. The raw Af0 is measured in
Hz, yet in this analysis we used relative Af0 values (relative
AfO =raw AfO/speaker’s fO range; for more on AfO see Albert,
2023). Af0 average is centered at 0, thus high/rising syllables
exhibit values higher than 0, while low/falling syllables
exhibit values lower than 0 (low < 0 < high).

Figure 3 depicts relative AfO values per syllable as a
function of prosodic condition across quadrisyllabic deviant
numbers. In the rising condition (see yellow color), mean AfO
starts at a mid-level and from first to second syllable, rises
shallowly, remains on the same level until syllable three, and
then steeply rises towards the last syllable, i.e., the right edge
of the word. In the German Tones and Breaks Indices
framework (GToBI; Grice et al., 2005), this contour could be
described using the label H* ~"H-%. The mean AfO of both
falling and neutral conditions (see green and black colors,
respectively)starts a bit higher than the mean AfO in the rising
condition, and gradually falls from the first to the last
syllable. Comparing falling and neutral conditions, the first
syllable of falling is a bit higher than neutral. In addition, the
drop i) from first to second and ii) from second to third
syllables, is steeper for falling than neutral, while iii) the drop
towards the last syllable is smaller in falling than in neutral
condition. Differences between conditions are depicted in
Figure 3.
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Figure 3: Mean relative AfO values per syllable (x-axis)
across prosodic conditions in quadrisyllabic numbers.
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In GToBI, the neutral and the falling conditions would fall
under the same label (H* L-%), rendering us unable to
explain the gradient difference in the meaning between the
two contours. As the neutral contour falls less steeply than
the falling contour, less clearly marking the end of a unit, it
can be expressed on non-final items in a sequence. The falling
contour, in contrast, due to its steep fall and extra low pitch
towards the end, unambiguously marks the end of a unit,
indicating finality of a sequence. Lastly, the rising contour
can also mark the end of a unit, yet is functionally different
from the falling, in it indicates continuity.

Procedure

After briefing, participants started the experiment. The
auditory stimuli were presented using SR Researcher
Experiment Builder (v. 4.595) via loudspeakers, with pupil
data time-locked to the onset of each sequence. Pupil size was
sampled at 1000 Hz, using an Eyelink Il head-mounted eye-
tracker (SR Research Ltd.). Prior to the beginning of the task,
the system was calibrated to the participants’ dominant eye
using a 9-point calibration procedure. For all participants, the
average luminance measured at the dominant eye was 50 IX.

Participants were seated in the eye-tracking lab in front of
a computer monitor and a keyboard. Participants were
informed that they would be presented auditorily with
numeric sequences but they were not informed that the
numerical sequences would contain deviants. In order to keep
them engaged with the task, participants had to answer a
comprehension yes/no question, in 35% of the trials, related
to the numeric sequence they heard, by pressing a button on
the keyboard.! Written instructions were also provided. The
experiment started with a practice phase of five items for
which they received immediate feedback on the screen. The
experiment consisted of three blocks of 24 items each.
Participants could take an optional short break between the
blocks. The experiment lasted approximately an hour.

Every trial started with a drift correction. With the onset
of the auditory sequence, a black fixation cross appeared on
a grey background and remained on the screen during the
whole trial. Participants were instructed to fixate at the black
cross that would appear on the screen. Twenty-five of the
trials were followed by a comprehension question which was
presented on the screen and participants had to press one of

! Participants’ response accuracy to these questions ranged between
86-100% indicating high engagement with the task.
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two buttons on the keyboard to indicate their yes/no response.
Following the offset of each trial, a grey screen with a black
dot was displayed, serving as time for the pupil dilation to
subside. Specifically, participants were instructed that during
this screen, they could take time to rest their eyes. Once they
were ready to continue, they had to press SPACE for the next
trial to start. Figure 4 depicts a schematic illustration of an
experimental trial.

question
&
ns)

Figure 4: Schematic illustration of an experimental trial.

Data Processing and Statistical Analyses

Data processing and statistical analyses were conducted in R,
version 4.1.2 (R Core team, 2021), using the R packages
ggplot2 3.3.5 (Wickham, 2016), itsadug 2.4.2. (van Rij et al.,
2022), mgcv 1.8-42 (Wood, 2011), PupilPre 0.6.2.
(Kyrolainenetal., 2019), and tidyverse 1.3.1 (Wickhamet al.,
2019).

Data Pre-processing

Pupil data was exported using SR Research Data Viewer
(v.4.3.210), and were further processed using the R-package
PupilPre (v. 0.6.2; Kyroldinen et al., 2019). Pupil data was
re-aligned to 100 ms prior to the onset of the deviant number
and continued for 2.900 ms. First, blink components were
automatically detected and removed from the raw pupil data.
The data were then manually checked, and the remaining
blink artefacts were removed by hand. Subsequently, trials
including more than 20% of missing data because of blink
artefacts were completely removed from further analyses,
yielding 3.52% loss of the total dataset. After artefact
rejection, the raw data were interpolated using cubic spline
interpolation and then filtered with a Butterworth 0.1 Hz low-
pass filter. Skipped trials due to missing values, and artefacts
created by the filter were removed using the trim_filtered
function. Thereafter, the raw data was baseline normalized
(by trial) using the average of 100 ms preceding the onset of
the deviant. Finally, normalized data was down-sampled to a
rate of 100 Hz (i.e., 10 ms time bins).

Inference Criteria

This analysis tests whether deviant numbers produced with
rising intonation, due to its attention-orienting function, will
induce a stronger PDR compared to when realized with



falling intonation or when its intonation does not differ from
that of the standard numbers, i.e., the deviant is produced
with neutral intonation.

The PDR was normalized and modelled using
Generalized Additive Mixed Modelling (GAMMS), which
have been shown to be effective for analysing pupil data, as
they account for nonlinear random effects, as well as the
inherent autocorrelation of time-course data (see van Rij et
al.,, 2019). In particular, GAMMs are appropriate for
modelling nonlinear time-series patterns, capturing variation
in two trajectories: height and shape. These two trajectories
are captured by different terms: parametric terms allow for
mean differences in the overall height of the curves, while
smooth terms allow for differences in the shape of the curves.
GAMMs also account for random effect structures, using
random smooths (e.g., Soskuthy, 2017). Random smooths
expand the principle of smooth terms to the random effects,
by fitting separate smooths at each value of a grouping
variable, allowing thus subjects and/or items to have different
curve shapes.

PDR was modelled as a function of the ordered factor?
PROSODIC CONDITION. Treatment contrast was used to code
PROSODIC CONDITION (levels: rise/fall/neutral) with rise
serving as the reference level. This coding allows for testing
the following contrasts: i) rise vs. fall, and ii) rise vs. neutral.
The model included PROSODIC CONDITION both as parametric
term, testing for overall height differences in PDR curves
between prosodic conditions, and as smooth reference term,
capturing the shape effects in the reference level of prosodic
condition (i.e., rise) over time. The model also included a
difference smooth term by prosodic condition, testing shape
differences of PDR curves between prosodic conditions (i.e.,
rise vs. fall, and rise vs. neutral) over time. Further, the model
included a random smooth by subject, and a reference-
difference random smooth for each subject by prosodic
condition which captures shape differences by subject.
Lastly, autocorrelation within trajectories was controlled via
the inclusion of an AR1 residual model.

The next section presents results reporting model
predictions, as well as a plot of the GAMM smooths depicting
the effect of each condition on the PDR within the time
window of interest. Finally, we used the simultaneous
confidence interval test to examine the contrast between fall
and neutral prosodic conditions. The simultaneous
confidence interval test can be used as a proxy to a post-hoc
test: when testing two whole curves simultaneously, if any
point in the CI does not include zero, then the difference
between them can be treated as significant.

Results

Figure 5 illustrates results of the PDR over time as a function
of prosodic condition. When comparing rising to falling
intonation, rises are differentiated from falls by the shape of

2 Ordered factors allow for testing whether the curves of each
level of the factor differ not only in height (parametric coefficients)
but also in shape (difference smooth terms).
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the PDR curve (smooth difference: EDF = 1.05, F = 3.63, p
= 0.05), meaning that they exhibit a more sustained effect
over time. This result hence suggests that rising deviants lead
to a greater disruption of rule-based expectancies, capturing
attention for longer compared to falling deviants. When
comparing rising to neutral manipulation, PDR to rises is
more robust in terms of both the overall height (parametric
difference: p = -37.05, t = -4.38, p < 0.001) as well as the
shape of the PDR curve (smooth difference: EDF = 3.2, F =
7.04, p < 0.001), showing an increased and long-lasting
effect, which in turn indicates that attention is oriented
towards the rising deviant to a greater extent, and for longer,
compared to a neutrally produced deviant. For the contrast
between falling and neutral manipulation, the simultaneous
confidence interval test indicates that the PDR curve
associated with falling edge tones was significantly different
from the PDR curve associated with neutral intonation (t =
2.35), in that its amplitude is larger and prolonged, pointing
towards a greater shift of attentional resources towards the
falling deviants as compared to neutral ones.

160
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Figure 5: GAMM smooths of PDR (normalized) with
95% confidence intervals, time-locked to the onset of the
deviant (zero ms), as indicated by the vertical dashed line.
PDR to rising edge tones is illustrated in a dashed orange

line, PDR to falling edge tones in a long-dashed purple line,
and PDR to neutral intonation in a black solid line.

To briefly summarize the main findings, the two types of
edge tones elicit a greater pupillary response (both in
magnitude and duration) than the baseline neutral intonation.
Within the edge tone conditions, rising intonation resulted in
a greater pupillary response than falling intonation,
manifesting as a more sustained effect over time. In the next
section, we argue that the gradient effects of intonation on
PDR response indicate different modulations of attention-
orienting in each prosodic case.



Discussion and Conclusion

The current work investigated the relevance of domain-final
rises (the reflex of phrase-final high edge tones) for attention-
orienting in German, by utilizing a changing-state oddball
paradigm in a pupillometry study. Specifically, we
investigated whether deviant numbers in sequentially
ascending sequences can capture more attention, evoking
thus more robust PDRs, when realized with a final rise
compared to when they are realized with a final fall or when
their intonation does not differ from that of the standards (the
neutral case).

To begin with, our results show that deviant numbers do
elicit a PDR regardless of the intonation they featured,
corroborating the idea that attention-orienting is associated
with the expectancy violation mechanism. Now, when the
intonation of deviants differed from the intonation of
standards (with both rising and falling tones), deviants
elicited a stronger PDR than the neutral condition, in which
the intonation of the deviant did not differ from the standards,
indicating that final edge tones garner additional attentional
resources towards the violation. This finding is compatible
with results from neurocognitive studies, in which signals
with falling acoustic properties were also found to attract
some attention, although processed differently than rises
(e.g., Macdonald & Campbell, 2011).

Moving to the comparison between rising and falling
intonation, we find a subtle shape difference, with PDR to
rises lasting longer compared to PDR to falls. Both rises and
falls occurred in a context where they could both mark the
end of a smaller unit within the sequence. Thus, when rises
and falls are contextualized in a similar way, rises attract
more attention, as shown by the PDR responses. This finding
highlights the attention-orienting function of rising pitch,
suggesting that also domain-final rises on deviant stimuli
enhance the ability of the deviant to attract attention.

These findings also strengthen the case for a role of edge
tones in attention-orienting. Intonational events are
phonologically anchored to specific positions in the prosodic
structure, that is either they are associated with the stressed
syllable, called pitch accents, or with the edges of
constituents, called edge tones (in the current case a domain-
final edge tone). Traditional theories like the autosegmental-
metrical theory (e.g., Ladd, 2008) strictly associated pitch
accents with a highlighting function, while edge tones were
associated with a phrasing function. In that sense, it has been
claimed that accentual rises are better in directing listeners’
attention than rises at edges. This has already been called into
question by recent work showing that during on-line
processing attention is not drawn towards a specific point in
the pitch trajectory, but rather that the direction of the pitch
contour (rising vs. falling) is primarily relevant for attention-
orienting, with rising intonation, taking on a special role,
including domain-final rises (Lialiou et al., 2024). Our results
contribute to this novel discovery that rises associated with
the edges of constituents can also direct listeners’ attention.
Further, results from serial recall studies (Savino et al., 2020;
Réhr et al., 2022) report that rising edge tones marking the
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final item of non-final triplets boosted recall accuracy of the
whole triplet, hence orienting attention to the whole domain.
Building on these results, we speculate that domain-final rises
attract more attention than falls because rising edge tones
attract attention to the entire domain. It is possible that rising
edge tones further encourage the listener to more quickly
integrate the deviant with previous items in the same domain,
thus increasing listeners” awareness of the violation.

Overall, our results support the main claim that, in spoken
language, rising intonation takes on a special role in attracting
attention. Rising intonation evoked the greatest PDR
response, leading to a more pronounced shift of attentional
resources compared to the other conditions. Our findings
support the idea of an attentional bias towards pitch rises, and
extend it from the cognitive domain of audition to the
linguistic domain. One could thus argue that the neural
architecture of the two domains, cognition and language,
share a common pool of mechanisms that are crucial for the
attention-orienting network. One of these mechanisms is the
signal-based mechanism (also called the intrinsic auditory
mechanism by Assaneo et al., 2019) for which the signal
properties are fundamentally important. The intrinsic
properties of the signal are thus essential for both auditory
and speech perception, as they feed the signal-based
mechanism. In cognition, rising pitch could serve as a
particularly robust warning cue, precisely because it is
acoustically salient, preparing the nervous system by
activating attentional resources (see Bach et al., 2008). As a
consequence, listeners allocate more attentional resources in
response to unexpected stimuli, initiating an involuntary
switch of attention. This switch, in turn, leads to neural,
psychological, and physical reflexive responses. In language,
rising pitch orients attention towards the most
prominent/important information in the speech signal, even
when this pitch rise is attributable to edge tones, a process
that is crucial for successful interpretation and speech
decoding (e.g., Lialiou et al., 2024). This finding is in line
with the findings of Lialiou et al. (2024) who show that the
phonological status of a pitch event (head or edge associated)
is not of primary relevance for attention-orienting. Rather,
attention-orienting is driven in large part by the direction of
the pitch contour and the appropriateness of the contour in
the linguistic context. Here, both rises and falls are
appropriate for the list context as they function in a similar
way: They mark the end of a smaller sequence unit
(subsequence) in a list, including deviants who violate an
expected pattern. Thus, meaningful rises are taking priority
over meaningful falls precisely because of their acoustic
prominence.

To conclude, we present evidence from pupillometry that
the intrinsic properties of the sensory input, i.e., signal-driven
properties, are fundamental for the activation of the attention-
orienting mechanism in speech perception. The role of rises
is crucial both in cognitive and linguistic domains, as their
acoustic properties appears to initiate similar attention-
orienting processes across domains.
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