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1 j General introduction

In 2021 popular Youtuber Tom Scott uploaded a video about Shakespeare’s po-
etry and how it relates to the English language. In the video Tom explains that
the sound of Shakespeare’s poetry has a very speci�c rhythm, which arises be-
cause in English, words themselves have a rhythm. This �rhythm� is called lex-
ical stress and means that some syllables within a word are more prominent
than others. We might not often think about it but it is a crucial element of ev-
ery English word. To demonstrate this Tom says that �if you put the stress on
the wrong syllable it sounds ridiculous�, by incorrectly saying �syl-LA-ble� with
stress on the second syllable (instead of �SYL-la-ble�). Although what he says
is still understandable, the way he says it sounds wrong. Moreover, if you pay
close attention to Tom’s hand you might notice that it also looks wrong. While
stressing the wrong syllable on purpose, Tom’s hand also emphasizes the wrong
syllable with a forceful downwards gesture of the hand (see Figure 1.1).

Figure 1.1: Tom incorrectly pronounces the word �syllable� with stress on the
second syllable (instead of the �rst). His gesture is synchronized
to his speech and also incorrectly emphasizes the second syllable
with its point of maximum extension (so-called apex) aligned to
the second syllable. Yellow line roughly indicates the movement
of the gesture. https:// www.youtube.com/ watch?v= dUnGvH8fUUc
(at 1:04).

This example illustrates how gestures and lexical stress go hand-in-hand. As
our gestures usually co-occur with stressed syllables, stress is audibleand visible.
Especially because most of our day-to-day communication occurs face-to-face,

https://www.youtube.com/watch?v=dUnGvH8fUUc
https://www.youtube.com/watch?v=dUnGvH8fUUc
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these gestures can have a profound impact on how we perceive speech. This
dissertation addresses how what we see affects our speech perception. Specif-
ically, I looked at how visual cues on the face, and hand gestures affect lexical
stress perception and spoken word recognition more generally. But in order to
understand this connection, we need to �rst consider lexical stress and visual
speech separately. Therefore, in the next section I will �rst introduce relevant
literature regarding lexical stress. Next, I will introduce the literature on visual
cues produced when speaking such as facial cues and gestures. At the end, I will
outline the empirical work in this book.

1.1 Speech is more than sounds

1.1.1 Speech prosody

We write words with letters and therefore some people might think that speech
is merely made up of speech sounds such as vowels and consonants, known as
speech segments. Butspeech prosody, which refers to �the organizational struc-
ture of speech� (Beckman, 1996) is also important. This includes aspects such
as speech rate, stress, tone and intonation. Because these aspects go beyond
speech segments (i.e., vowels and consonants) they are usually referred to as
suprasegmentals. Suprasegmental aspects of speech ful�ll many important func-
tions and can signi�cantly affect how speech is perceived on the level of the
discourse, phrase and word (Cole, 2015; Cutler, Dahan, & van Donselaar, 1997;
Ladd, 2008; Nolan, 2020). For example, a rising intonation at the end of a sen-
tence can express a question rather than a statement (e.g., Ladd, 2008), and
could also convey some information about a speaker’s identity and their dialect
(Hirst & di Cristo, 1998). But intonation can also indicate syntactic boundaries
helping with the processing of sentence structure (M. Wagner & Watson, 2010).
Within a phrase, intonation can also �emphasize� speci�c words. This phrase-
level prominence often highlights new, important, or contrasting words (e.g.,
Umbach, 2004) and as such can also affect the interpretation of a phrase (e.g.,
MARY said yes[not Sarah] vs. Mary said YES[not no] ; for review see Ladd &
Arvaniti, 2023). Finally, on the word-level, speech rate (e.g., Maslowski, Meyer,
& Bosker, 2019b), lexical tones (e.g., Mitterer, Chen, & Zhou, 2011), and lexical
stress, which will be the focus of this thesis, can guide word recognition.
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1.1.2 Lexical Stress

Within a word we pronounce some syllables more prominently than others. We
call this word stress. It is distinct from phrase-level prominence, although they
can occur together (Sluijter & van Heuven, 1995). In some languages, like
Dutch, English and Spanish the stressed syllable can be in any position within
a word and does not always follow predictable patterns. This means, that in
these so-called free-stress languages, word stress is a feature of the word itself
and thus can be lexically contrastive. For example, in Dutch (and similarly in
English) the words CONtent[noun] and conTENT[adjective] differ in the posi-
tion of the stressed syllable, which changes the meaning of the words drastically.
Because of the potentially lexically contrastive nature of word stress in these lan-
guages, it is sometimes also referred to aslexical stress. The focus of this book is
on lexical stress in Dutch.

In Dutch, lexical stress is usually expressed through modulations of acoustic
cues such as fundamental frequency (F0), intensity, and duration (Rietveld &
Heuven, 2009). That is, stressed syllables are usually produced with a higher
F0, greater intensity, and longer duration. In general, F0 is the strongest cue
for words in isolation and in accented words, when it is produced together with
phrase level accent (Rietveld & Heuven, 2009; Severijnen, Bosker, & McQueen,
2024). However, there is also signi�cant speaker-variability in the degree to
which different acoustic cues are used (Severijnen et al., 2024). Importantly,
there are also many differences in stress production and perception across lan-
guages. While in other languages such as English, vowels in unstressed syllables
often get reduced (e.g., CONtent [noun] , /’kOn.tEnt/ vs. conTENT[adjective]
/k@n’tEnt/; the o in con turns to a schwa when unstressed) leading tosegmental
changes in expression of lexical stress, unstressed vowels in Dutch are generally
less reduced (e.g., Cutler & Van Donselaar, 2001; van Bergem, 1993), making
lexical stress in Dutch mainly suprasegmental.

Lexical stress in Dutch can facilitate word recognition and disambiguation
(Cutler & Van Donselaar, 2001). For example, in the Dutch word pair OCto-
pusand okTOberthe �rst two syllables (i.e., /’Ok.to/ ) are segmentally identical,
but they differ in lexical stress. Therefore, considering lexical stress can dis-
ambiguate these two words within the �rst two syllables, whereas considering
only the segments can disambiguate the words only after the third syllable (e.g.,
Pisoni & Remez, 2008; Reinisch, Jesse, & McQueen, 2010). More generally, most
Dutch words become segmentally unique (i.e., when there are no lexical com-
petitors) after 80% of the phonemes, while they become unique after only 66%
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when lexical stress is also considered. In fact, recent studies on Dutch (Reinisch
et al., 2010) and English (Jesse, Poellmann, & Kong, 2017) have found that lex-
ical stress cues are tracked and used in real-time facilitating fast and ef�cient
speech perception. Therefore, lexical stress plays an important role in support-
ing speech comprehension.

1.2 Speech is visible

When we speak, we often do so in face-to-face settings (Holler & Levinson,
2019). As a consequence, we can hearand see each other, making speech inher-
ently multimodal. Therefore, our perception can be in�uenced by the auditory
signal (i.e., spoken speech) and the visual signal, including head and body move-
ments, facial expressions, and gestures. For example, producing different speech
sounds leads to different articulation of the mouth, lips, jaw and tongue. There-
fore, when the auditory signal is noisy and hence hard to hear, the visual infor-
mation about the articulation can help us in understanding the speech (Sumby
& Pollack, 1954). The now famous McGurk effect (McGurk & MacDonald, 1976)
demonstrates the strong in�uence of visual information on speech perception.
When participants were presented with videos of a talker saying/ga/ (i.e., lips
not touching), but hearing the sound /ba/ (i.e., a sound where the lips touch),
most participants integrated the con�icting visual and auditory information and
reported hearing a completely different sound (e.g., �da�; demonstration of the
effect: https:// www.youtube.com/ watch?v= G-lN8vWm3m0&ab_channel= BBC).
Clearly, what they saw affected what they heard (McGurk & MacDonald, 1976).

Similarly, in the prosody domain, producing stressed vs. unstressed syllables
also leads to subtly different articulations in English and Dutch (Jesse & Mc-
Queen, 2007; Scarborough, Keating, Mattys, Cho, & Alwan, 2009). Generally,
stressed syllables are produced with bigger and longer mouth opening than un-
stressed syllables (Scarborough et al., 2009). These articulatory cues on the face,
albeit subtle, are visible and can be perceived from viewing muted videos. Par-
ticipants were even able to tell the difference between primary and secondary
stress based on visual cues alone (Jesse & McQueen, 2007). Although not tested
in audiovisual settings yet, it is possible that these visual cues could affect face-
to-face speech perception.

https://www.youtube.com/watch?v=G-lN8vWm3m0&ab_channel=BBC
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1.3 Speech and gestures

1.3.1 How we gesture

Another important source of visual information are gestures, which accompany
speech. These co-speech gestures, are thought to be an integral part of the lan-
guage system (Kendon, 2004; McNeill, 1992, 2008) being planned together with
speech (Kita & Özyürek, 2003). McNeill (1992) speci�ed �ve distinct gesture
types: Emblematic, iconic, metaphorical, deictic, and beat gestures. Emblem-
atic gestures are gestures like the �thumbs up� gesture, which have been con-
ventionalized in different cultures with a speci�c meaning. Iconic gestures re-
semble physical aspects of an object or an action (e.g., holding a cupped hand to
your mouth in a drinking motion). Metaphorical gestures are identical to iconic
gestures but refer to abstract concepts (e.g., balancing hands to represent the
weighing of two options), and deictic gestures are pointing gestures referring to
locations in space. Finally, beat gestures are rhythmic gestures that synchronize
with prosodic aspects of speech. Importantly, all but the beat gestures can be un-
derstood without speech. In contrast, beat gestures are primarily meaningful in
their temporal alignment with speech, and do not refer to semantic meaning in
speech or objects in space. Therefore, beat gestures are also sometimes referred
to as non-referential gestures (in contrast to referential gestures).

1.3.2 How gestures aid comprehension

There has been much evidence for gestures aiding speech comprehension, es-
pecially for iconic gestures (for review see Özyürek, 2014). Iconic gestures can
aid comprehension because they relate to speech not only in timing but also
in meaning. For example, �an upward hand movement in a climbing manner
when a speaker says: ‘the cat climbed up a tree’� (example from Özyürek,
2014) expresses the action visually as a whole while the message unfolds in the
speaker’s speech. Moreover, the gesture might even convey additional informa-
tion not conveyed in speech (e.g., the manner of climbing). Together, these two
modalities can create a rich multimodal representation of the message, which
can help comprehension. Especially, when speech is degraded (e.g., speech in
noise) iconic gestures help comprehend a message better than without gestures
(e.g., Drijvers & Özyürek, 2017; Holle, Obleser, Rueschemeyer, & Gunter, 2010).
A meta-analysis found that gesture effects were especially large for motor ac-
tions, when communicating with children, and when gestures simultaneously
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expressed additional information not conveyed in auditory speech (for review
see Hostetter, 2011). However, most research focused on iconic gestures, which
relate to speech in meaning. But as mentioned earlier, some gestures, like beat
gestures, only relate to speech in their relative temporal alignment and thus
cannot aid comprehension in the same ways.

1.3.3 The role of beat gestures in speech perception

Beat gestures are different from other gesture types, as they do not refer to the
meaning of speech but primarily to its prosodic properties. In fact, they are the
most common type of gestures (McNeill, 1992), for example making up to 62%
of all gestures in political speeches and interviews (Vignozzi, 2019), and close
to 95% in academic lectures (Shattuck-Hufnagel & Ren, 2018). The temporal
alignment of beat gestures with speech is very consistent. The point of maxi-
mum extension of the beat gesture, the so-called apex, is usually closely aligned
to acoustically prominent words (Krahmer & Swerts, 2007; Shattuck-Hufnagel
& Ren, 2018; ?). This tight temporal relationship can already be found in young
children, supporting the idea that it is an inherent part of our communication
(Florit-Pons, Vilà-GimØnez, Rohrer, & Prieto, 2023). Beat gestures can also di-
rectly make words appear more prominent (Krahmer & Swerts, 2007), which is
in part due to their consistent temporal alignment with prominent utterances.
Moreover, the movement of the upper limbs that produce a gesture can affect
the muscles involved in speech production, leading to acoustic changes in the
speech ((e.g., higher F0 and intensity, Krahmer & Swerts, 2007; Pouw, Harrison,
S.J., & Dixon, J.A., 2020).

However, previous work has focused primarily on the effect of beat gestures
on the prominence of words within phrases. But as discussed earlier, in lan-
guages with lexical stress the prominence of certain syllables within a word is
also crucial. Moreover, the apex of a beat gesture aligns with stressed syllables
(Leonard & Cummins, 2011; Shattuck-Hufnagel & Ren, 2018). Hence beat ges-
tures can affect word perception and change word identity based on how they
are aligned within a word (Bosker & Peeters, 2021). That is, when participants
are presented with videos of a talker producing Dutch lexical stress minimal pairs
(e.g., CONtentvs conTENT) with a beat gesture, they are biased to respond dif-
ferently depending on the alignment of the beat gesture. When the beat gesture
was aligned to the �rst syllable, signaling a strong-weak stress pattern, partici-
pants were more likely to perceive an auditory stress continuum as strong-weak.
In contrast, the same auditory stress continuum was perceived as more ‘weak-
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strong-like’ when the beat gesture was aligned to the second syllable. This effect
of beat gesture alignment on lexical stress perception was coined the �manual
McGurk effect� (Bosker & Peeters, 2021). However, Bosker and Peeters (2021)
used stimuli where the face of the talker was masked, possibly arti�cially em-
phasizing the role of the beat gestures. Moreover, the task was arguably quite
transparent to participants (i.e., susceptible to response strategies), leaving open
the question whether the effects observed also arise in more natural audiovisual
speech perception.

1.4 Current Research

This dissertation focusses on two main research topics: lexical stress perception
(see 1.1) and multimodal speech (see 1.2), especially beat gestures (see 1.3).
In sum, previous research on lexical stress primarily investigated lexical stress
unimodally either in the auditory (see Cutler, 2008) or visual modality (Jesse
& McQueen, 2007; Scarborough et al., 2009). Moreover, research on multi-
modal speech either focused primarily on segmental speech and �talking faces�
(e.g., Massaro, 1998; McGurk & MacDonald, 1976; Rosenblum, 2019; Vroomen
& Baart, 2012; Vroomen, van Linden, Keetels, de Gelder, & Bertelson, 2004),
or on iconic and referential gestures (e.g., Drijvers & Özyürek, 2017; Hostet-
ter, 2011; Kelly, Özyürek, & Maris, 2010; ter Bekke, Drijvers, & Holler, 2024;
Özyürek, 2014). Finally, studies investigating beat gestures focused mainly on
general phrase-level effects (e.g., Biau, Torralba, Fuentemilla, de Diego Bala-
guer, & Soto-Faraco, 2015; Dimitrova, Chu, Wang, Özyürek, & Hagoort, 2016;
Rohrer, Delais-Roussarie, & Prieto, 2020; Vilà-GimØnez, Dowling, Demir-Lira,
Prieto, & Goldin-Meadow, 2021) and not speci�cally on word recognition. A
notable exception is a recent study by Bosker and Peeters (2021), which coined
the �manual McGurk effect�. Consequently, it remains unknown to what extent
visual stress cues actually guide lexical stress perception. This research gap is
also evident in current models and frameworks of audiovisual speech percep-
tion, as they do not specify contributions of prosody (e.g., Holler & Levinson,
2019; Massaro & Cohen, 2000; Rosenblum, Dias, & Dorsi, 2017) or gestures
(e.g., Massaro & Cohen, 2000; Rosenblum et al., 2017).

Therefore, this dissertation aims to address this research gap and test the in�u-
ence of different visual cues (articulatory cues on the face and beat gestures) on
the perception of lexical stress. Moreover, it speci�cally considers the effects of
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syllable-level alignment of beat gestures on lexical access and word recognition
in general, and the limitations thereof.

1.5 Outline and research questions

The research in this book generally investigated the in�uence of visual cues on
speech prosody perception. More speci�cally, it tested the in�uence of visual
articulatory cues on the face (Chapters 2 & 3) and beat gestures (Chapters 2, 3,
4, & 5) on the perception of lexical stress (Chapters 2, 3, & 4), or word recog-
nition more generally (Chapter 5). In four empirical chapters, which build on
each other, I investigated the potential and the limits of effects of beat gestures
on speech perception. Chapters 2 � 5 were written in the form of stand-alone
research papers. Therefore, there will be some overlap and repetition within the
general introduction and general discussion between the chapters.

Chapter 2 addresses the �rst and most fundamental question �do visual cues
affect audiovisual lexical stress perception?�. Previous research suggested artic-
ulatory cues of lexical stress are visible on the face (Jesse & McQueen, 2014;
Scarborough et al., 2009), but did not test their in�uence in an audiovisual
setting. Moreover, beat gesture effects on lexical stress perception were found
in an experiment where the face of the talker was masked (Bosker & Peeters,
2021). Hence in this chapter, I tested how articulatory cues and beat gestures
together in�uence lexical stress perception. Speci�cally, in a two-alternative-
forced-choice (2AFC) task, participants were asked to categorize two-syllable
words as either having stress on the �rst syllable (strong-weak, SW) or stress
on the second syllable (weak-strong, WS). The stimuli were videos of a talker
whereby the audio involved manipulated lexical stress continua of disyllabic
word pairs, ranging from stress on the �rst to stress second syllable. Addition-
ally, the visual cues (articulatory cues and beat gestures) would indicate stress
on the �rst or second syllable. Crucially, through video manipulation I also man-
aged to create stimuli where the articulatory cues on the face and beat gestures
provided con�icting information about lexical stress. This allowed me to com-
pare the in�uence of both visual cues. I expected both articulatory cues and beat
gestures to affect perception. For example, seeing a face producing a SW stress
pattern would bias participants to report hearing an SW word. Similarly, see-
ing a beat gesture on the �rst syllable would bias participants to perceive lexical
stress on the �rst syllable. For WS articulatory cues and beat gestures on the
second syllable participants would be biased to perceive the WS word.
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Chapter 3 describes an eye-tracking experiment using a Visual World Paradigm
(VWP) addressing the research question �At what time-point in perception do
beat gestures affect lexical stress perception�. The VWP is an established paradigm
to assess on-line speech processing. Four response options (e.g.,CONtent, con-
TENT, VOORnaam, voorNAAM) were presented on screen while participants were
presented with an audiovisual stimulus in the center of the screen. As the stim-
ulus was playing the eye-tracker could measure looking preferences to the re-
sponse options with high temporal �delity. For example, if the stimulus showed
a talker saying content with a beat gesture on the �rst syllable, I expected partici-
pants to preferentially �xate CONtentbefore the end of the word. Much like how
acoustic cues to stress guide perception immediately (Jesse et al., 2017; Reinisch
et al., 2010). In other words, I expected beat gesture effects to arise immediately
as a beat gesture occurred and not only after word offset as a post-hoc strategic
decision driven only by the forced choice task.

Chapter 4 addresses the research question �can beat gestures induce long-
lasting changes in lexical stress perception?�. In Chapter 2 and 3, and previous
research (Bosker & Peeters, 2021) the beat gesture effect was tested in explicit,
behavioral categorization tasks, which might have allowed for strategic, task-
related responses. Instead, in Chapter 4 I tested if beat gestures also affected
stress perception implicitly, when beat gestures were merely viewed passively.
Moreover, I tested if beat gestures could guide speech adaptation and lead to
lasting perceptional changes. In four experiments, with different experimental
designs, participants were exposed to videos of a talker producing auditorily
ambiguously stressed words. However, crucially, these ambiguous tokens were
consistently disambiguated by a beat gesture on either the �rst or second syl-
lable. After this exposure phase, participants were �nally asked to categorize
audio-only recordings as either SW or WS, to test whether theirauditory per-
ception had changed due to exposure to different beat gesture alignments. I
predicted that when the ambiguous tokens were disambiguated with a beat ges-
ture on the �rst syllable in exposure, participants would be more likely to hear
lexical stress on the �rst syllable in the test phase. Conversely, when exposed to
ambiguous tokens with beat gesture on the second syllable participants would
be more likely to hear lexical stress on the second syllable in the test phase.

Chapter 5 addresses the question �Do beat gestures affect lexical access in
sentence context�. In Chapters 2 � 4 I tested the in�uence of beat gestures on
isolated words with a lexical stress competitor, where lexical stress was critical
for word recognition. However, it was unclear if beat gestures would also affect
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word recognition when abundant other cues (i.e., sentence context, auditory
stress, no lexical stress competitor) were available. Hence in Chapter 5 I tested
word recognition of disyllabic words (e.g., LEger) without lexical stress competi-
tor, which were embedded in constraining sentences (e.g.,Hij werd kolonel in het
LEger). I used video stimuli of a talker producing sentences, with no beat ges-
ture, or a beat gesture aligned to the �rst or second syllable of the target word.
Participants were tasked with a lexical decision task, indicating as fast as possible
whether the sentence �nal target was a word in Dutch or not. Response times
were measured and used to draw conclusions about lexical access. In compari-
son to seeing no beat gesture I expected to �nd faster response times when the
beat gesture was correctly aligned with lexical stress (e.g.,LEger+ Beat gesture
on 1st syllable) and slower response times when the beat gesture was incon-
gruent with lexical stress (e.g., LEger+ Beat gesture on 2nd syllable). Hence, I
expected to �nd effects of beat gestures and their syllable-level alignment in a
more ecologically valid condition, where other cues (i.e., sentence context, audi-
tory stress, no lexical stress competitor) would be suf�cient to correctly identify
a word.

Finally, Chapter 6 summarizes the experimental chapters and discusses how
these results support a multimodal view of speech perception. It further dis-
cusses the implications of these results for speech perception research and sug-
gests ideas for future research, which expand on the present research.



2 j Audiovisual Perception of Lexical Stress: Beat

Gestures and Articulatory Cues

Abstract

Human communication is inherently multimodal. Auditory speech, but also vi-
sual cues can be used to understand another talker. Most studies of audiovi-
sual speech perception have focused on the perception of speech segments (i.e.,
speech sounds). However, less is known about the in�uence of visual informa-
tion on the perception of suprasegmental aspects of speech like lexical stress. In
two experiments, we investigated the in�uence of different visual cues (e.g., fa-
cial articulatory cues and beat gestures) on the audiovisual perception of lexical
stress. We presented auditory lexical stress continua of disyllabic Dutch stress
pairs together with videos of a speaker producing stress on the �rst or second
syllable (e.g., articulating VOORnaamor voorNAAM). Moreover, we combined
and fully crossed the face of the speaker producing lexical stress on either sylla-
ble with a gesturing body producing a beat gesture on either the �rst or second
syllable. Results showed that people successfully used visual articulatory cues
to stress in muted videos. However, in audiovisual conditions, we were not able
to �nd an effect of visual articulatory cues. In contrast, we found that the tem-
poral alignment of beat gestures with speech robustly in�uenced participants’
perception of lexical stress. These results highlight the importance of consider-
ing suprasegmental aspects of language in multimodal contexts.
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2.1 Introduction

Spoken language is most commonly used face-to-face and is thus inherently mul-
timodal. Beside the auditory signal, visual information contributes to speech per-
ception as well (Holler & Levinson, 2019; Perniss, 2018; Rosenblum, 2008). The
effect of visual information is well demonstrated by the McGurk effect (McGurk
& MacDonald, 1976), where most participants who hear the sound /ba/ , while
seeing a video of a speaker saying/ga/ , perceive the fused percept �da�. More-
over, visual information about articulatory movements improves speech percep-
tion in noise (Sumby & Pollack, 1954). This study examines the contribution of
two types of visual information to the audiovisual perception of lexical stress,
namely facial articulatory cues and manual beat gestures.

Most of the research investigating visual in�uences on speech perception has
focused on the perception of speech segments, such as vowels and consonants
(Massaro, 1987). However, speech consists of more than just segments. Prosody,
as cued by suprasegmental information, is also an integral part of human lan-
guage. Speech rate, lexical tone and lexical stress guide spoken word recogni-
tion (Cutler, 2008; Cutler et al., 1997; Maslowski et al., 2019b; Mitterer et al.,
2011). For instance, lexical stress is contrastive in many languages (e.g., En-
glish, Dutch, Spanish) and thus distinguishes segmentally identical words such
as Dutch VOORnaam(/’vo:r.na:m/ , [ �rst name ] ) vs. voorNAAM(/vo:r.’na:m/ ,
[ respectable] ). Moreover, experiments have demonstrated that lexical stress
drives online word recognition and disambiguation (Cutler & Van Donselaar,
2001), even for non-minimal pairs, such as DutchOCtopusand okTOber(Pisoni
& Remez, 2008; Reinisch et al., 2010). Also, with the inclusion of lexical stress
information, words reach the point of uniqueness (i.e., point where no lexical
competitors are left) earlier: Without consideration of lexical stress, Dutch words
become unique on average after 80% of the phonemes. With lexical stress, the
uniqueness point is reached after 66% of the phonemes (van Heuven & Hagman,
1988). Together, these observations highlight the importance of lexical stress in
word recognition.

Most studies of the in�uence of lexical stress on speech perception have only
focused on the auditory modality. However, lexical stress is also associated with
visual cues. Speci�cally, the temporal alignment of manual beat gestures has
been found to affect audiovisual stress perception. Beat gestures are simple up-
and-down gestures of the hand. They are among the most frequently used co-
speech gestures (McNeill, 1992). They are usually aligned to acoustically promi-
nent words in utterances (Krahmer & Swerts, 2007; Leonard & Cummins, 2011;
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Shattuck-Hufnagel & Ren, 2018). This tight temporal coupling seems to be in-
herent to our speech production, as it can already be found in young children
(Florit-Pons et al., 2023). A common assumption is that gestures and speech
are planned together in speech production (Kita & Özyürek, 2003). Moreover,
the production of upper limb movements affects the acoustic realization of our
speech, raising intensity and F0 in the voice (Pouw et al., 2020; Swerts & Krah-
mer, 2007). This tight relationship between gestures and speech could thus be
exploited during speech comprehension.

Work on multimodal spoken language comprehension has mainly focused on
representational iconic gestures (e.g., Drijvers, Vaitonyte, & Ozyurek, 2019; Dri-
jvers, Özyürek, & Jensen, 2018), which are distinct from non-representational
beat gestures, as iconic gestures (e.g., gesturing ‘come over here’) convey seman-
tic information (McNeill, 1992). For example, iconic gestures and articulatory
cues together support speech intelligibility in adverse listening conditions (Dri-
jvers et al., 2019; Drijvers & Özyürek, 2017, 2019). In contrast, beat gestures
only convey minimal semantics and are primarily linked to the speech signal in
their timing. As such, beat gestures increase the perceived saliency of utterances
(Krahmer & Swerts, 2007). Furthermore, EEG studies have shown that beat
gestures can help focus the listener’s attention on relevant information (Dim-
itrova et al., 2016) and thus modulate auditory integration (Biau & Soto-Faraco,
2013) and lead to enhanced memory recall (Kushch & Prieto, 2016; Rohrer et
al., 2020).

Recently, non-representational beat gestures have also been found to have an
effect on low-level speech perception. They can highlight prominent aspects
within a word, such as lexical stress. For instance, Bosker and Peeters (2021)
presented participants with videos of a talker producing acoustically ambiguous
lexical stress tokens of Dutch minimal pairs (e.g.,PLAtoor plaTEAU), while pro-
ducing a large beat gesture aligned to either the �rst or second syllable. Partici-
pants were more likely to perceive lexical stress on the syllable the beat gesture
was aligned to. The authors termed this the ‘manual McGurk effect’ (Bosker &
Peeters, 2021). This effect was observed in a forced-choice task (i.e., ‘do you
hear PLAtoor plaTEAU?’), in less controlled online testing conditions, in a more
implicit shadowing task (i.e., participants more often repeated the ambiguous
word as PLAtowith initial stress when the beat gesture fell on the �rst syllable
than when it fell on the second syllable), and even affected Dutch vowel length
perception. Thus, Bosker and Peeters (2021) provided �rst evidence for how the
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temporal alignment of beat gestures in�uences lexical stress perception across a
range of tasks.

It is worth pointing out that the talker’s face in the stimuli used by Bosker and
Peeters (2021) were masked. This masking was applied to isolate the contri-
bution of gestural timing to stress perception. However, interlocutors in every-
day conversation usually also have access to the articulatory movements of their
conversational partner, which may be bene�cial for processing prosody. For ex-
ample, a recent study demonstrated how seeing the mouth improves detection
of prosodic boundaries (Mitchel, Lusk, Wellington, & Mook, 2023). Thus, it re-
mains to be tested how gestural visual information contributes to audiovisual
lexical stress perception together with the articulatory cues.

Suprasegmental correlates of lexical stress (e.g., fundamental frequency[F0] ,
intensity, and duration) are less visibly salient on a talker’s face compared to seg-
mental features (e.g., labial place of articulation). Still, producing stress on a
given syllable leads to visible changes in articulation. Scarborough et al. (2009)
video-recorded native speakers of English producing words that differed in lexi-
cal stress (e.g.,SUBjectvs. subJECT) while recording their faces with markers on
them. They analyzed various measures of facial movement, such as maximum
lip opening and chin opening displacement, and found that they were generally
larger in stressed syllables. They then presented the videos without any audio
to participants in a forced choice task with two alternatives (2AFC task) and
observed that the participants could determine the position of primary lexical
stress above chance with an average accuracy of 62.2%. This demonstrates that
lexical stress is visible on the face to a certain degree in muted videos. Although
not tested in Scarborough et al. (2009), these visual cues might in principle in-
�uence audiovisual perception as well.

Note that in English lexical stress is cued by both suprasegmental and segmen-
tal cues, principally vowel reduction. In contrast, in Dutch, segmental changes
only play a minimal role in the production of lexical stress (Cutler & Van Don-
selaar, 2001; Severijnen et al., 2024). Therefore, Jesse and McQueen (2014)
tested visual perception of lexical stress in Dutch to determine the visibility of
suprasegmental cues. They video-recorded a native speaker of Dutch producing
Dutch words that were segmentally identical in the �rst two syllables and only
differed in the presence and position of primary lexical stress (e.g.,proJECtor
vs. projecTIEL). The �rst two syllables of the words (e.g., /pro.jEk/ ) were then
presented in video-only format, without any audio, to participants who had to
indicate in a 2AFC task which word the speaker meant to produce. The task
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was different from Scarborough et al. (2009) in that participants were only pre-
sented with fragments of polysyllabic words rather than disyllabic lexical stress
minimal pairs. Moreover, some of the words had no primary stress in the pre-
sented �rst two syllables (e.g., in projecTIEL), arguably making it more dif�cult
to categorize the words. Still, participants’ performance was at approximately
70% accuracy, well above chance.

Taken together, these studies indicate that visual cues to lexical stress are
present in articulation and gesture. However, it remains unclear how these
cues are weighted by perceivers when combined in more naturalistic audiovi-
sual communication. Speci�cally, Scarborough et al. (2009) and Jesse and Mc-
Queen (2014) only tested the perception of visual articulatory cues to stress un-
der video-only conditions. Whether participants actually use these visible cues
when auditory cues are also present is not known. Moreover, both studies used
visual stimuli containing only the talker’s face, presenting them at a scale that
did not re�ect naturalistic conversations. For example, Scarborough et al. (2009)
presented the talker’s face at 90% life-size, with participants seated 50 cm away
from the screen. As a result, the visual angle (ca. 24.5°) was much greater than
encountered in actual face-to-face conversations (ca. 11.5° � 3.8°) (Ruijten &
Cuijpers, 2020). This could mean that the visual cues in their experiments were
more salient compared to the cues in everyday conversations. Alternatively, it is
possible that the articulatory cues on the face in fact in�uence audiovisual per-
ception of lexical stress and help disambiguate ambiguous auditory stress, even
if presented at a smaller, more life-like size.

In contrast, beat gestures have been shown to have an effect on audiovisual
perception (Bosker & Peeters, 2021). In fact, beat gestures can only have an
effect in audiovisual contexts, not in video-only stimuli, since their indication of
lexical stress is merely the result of their temporal alignment with the auditory
signal. However, the gestures used in Bosker and Peeters (2021) were relatively
large and quite pronounced, unlike the gestures speakers typically use. It is un-
clear whether the beat gesture effect persists with smaller, more subtle gestures.
Moreover, the face masking in Bosker and Peeters (2021) meant that a poten-
tially important source of visual stress cues, namely articulation, was eliminated.
It is unclear what the effect of beat gestures is when gestures are not presented
in isolation but with the speaker’s face and articulatory movements.

More speci�cally, the weighting of articulatory cues to stress and the weight-
ing of beat gestures might interact, potentially enhancing each other’s in�uence
on perception. Drijvers and Özyürek (2017) investigated the in�uence of visible
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speech (on the face) and iconic gestures (meaningful representational gestures,
produced by the hands; e.g., gesturing ‘driving’ by turning an imaginary steering
wheel) on degraded speech perception. Participants were presented with videos
of a talker producing an action verb in different multimodal conditions (i.e.,
speech with blurred lips, speech with visible lips, speech with visible lips and
manual gesture) for a free-recall task. They found that participants could recall
the words more accurately when they had been presented with two visual articu-
lators (i.e., visible lips and gesture) rather than one. Participants thus bene�ted
more from seeing two different visual cues rather than seeing just one. Similarly,
we may speculate that seeing beat gesture cues combined with facial articulatory
cues improves lexical stress perception, over seeing them in isolation.

Alternatively, presenting a talker with an unmasked face could lead to a re-
duced effect of beat gestures on audiovisual stress perception. Humans have
been found to have a general preference to look at faces rather than other ob-
jects in a scene (Ro, Russell, & Lavie, 2001) and it has been suggested that it is
harder to disengage one’s attention from a face than from other stimuli (Math-
ews, Mackintosh, & Fulcher, 1997; Theeuwes & Van der Stigchel, 2006). There-
fore, the presence of a face could lead to less attention being directed at the
gestural timing cues and thus reduce their effect on audiovisual stress percep-
tion.

It is interesting to note that current models of audiovisual speech perception
(e.g., the Fuzzy Logic Model of Perception (see Massaro, 1998); the Supramodal
Brain (Rosenblum, 2019)) and multisensory integration in general (Noppeney,
2021), do not make speci�c predictions concerning audiovisual prosody. Nor
do they speak to the integration of beat gestures, which are only informative
in their temporal alignment to the spoken signal. This is because these models
were primarily designed and tailored to explain segmental speech perception
from �talking faces� (Massaro, 1998), with the classic McGurk effect as its prime
example (Magnotti & Beauchamp, 2017). Hence, the present study does not
aim to test or discriminate between these models. Instead, it highlights aspects of
multimodal speech perception that future models may want to incorporate when
accounting for face-to-face spoken communication (see General Discussion).

The present study assessed the in�uence of articulatory cues on the face and
beat gestures in arguably more naturalistic perception of lexical stress than stud-
ied in earlier work. Experiment 1 focused only on visual articulatory cues to de-
termine whether they have an effect on audiovisual perception of lexical stress. It
consisted of an in-house (1A) and an online version (1B) of the same experiment,
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reported together. Dutch participants were presented with phonetic continua of
disyllabic minimal stress pairs (e.g.,VOORnaamand voorNAAM) combined with
a video of a talker saying the word with stress on the �rst or second syllable.
Continua were created by interpolating F0 contours, ranging from clear initial-
stress (strong-weak; SW) to clear �nal-stress (weak-strong; WS), while keeping
duration and intensity cues ambiguous at average values. In a 2AFC task, partic-
ipants had to determine the placement of lexical stress by selecting which word
of a minimal pair they thought the speaker said (e.g., VOORnaamor voorNAAM).
If visual articulatory cues to stress in�uence audiovisual perception, participants
should be more likely to report hearing stress on the �rst syllable when the talker
in the video produced stress on the �rst syllable (and vice versa), independent
of the phonetic continuum manipulation. Alternatively, they might only use the
visual information when the audio is ambiguous with regard to lexical stress. In
such a case, we would expect a difference between the two audiovisual condi-
tions only for ambiguous (i.e., mid-continuum) but not for unambiguous audio
(i.e., at the continuum end-points). However, if these visual cues are only used
in video-only settings (Jesse & McQueen, 2014; Scarborough et al., 2009) but
not in audiovisual settings, we should �nd no difference between the two audio-
visual conditions (visual stress on �rst vs. second syllable), and in fact similar
identi�cation curves to audio-only stimuli.

In addition to the audiovisual trials, we included video-only trials to concep-
tually replicate previous video-only experiments (Jesse & McQueen, 2014; Scar-
borough et al., 2009) with more realistic presentation size, re�ecting face-to-face
communication. There we expected participants to perceive the differences in
lexical stress from the visual cues on the face alone, as indicated by a higher pro-
portion of SW responses for SW videos (strong-weak, initial stress) and a lower
proportion of SW responses for WS videos (weak-strong, �nal stress).

Experiment 2 combined articulatory cues with beat gestures to determine the
relative weights of different visual cues. It consisted of an in-house (2A) and an
online version (2B), which are reported together. Participants were presented
with the same phonetic continua as used in Experiment 1, together with videos
of the talker producing beat gestures on the �rst or second syllable. Critically,
using video-editing, the articulatory cues on the face from Experiment 1 (cue-
ing either SW or WS) were fully crossed with beat gestural alignment (cueing
either SW or WS). This allowed us to discriminate the contribution of visual ar-
ticulatory cues from the contribution of gestural alignment. We expected beat
gestures to in�uence perception similar to Bosker and Peeters (2021), whereby
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the alignment of the beat gesture to either syllable would shift perception of
lexical stress to that syllable. We assumed that this effect would be larger for
ambiguous spoken stimuli because the beat gestures would then better disam-
biguate the auditory signal. For unambiguous speech at continua end-points,
we expected a smaller effect since beat gestures would be more redundant and
probably weight less heavily.

We decided to run Experiments 1 and 2 in-house and online to determine
whether online testing is a viable option for experiments with audiovisual stim-
uli. With online experiments researchers have less control of various aspects of
their study: presentation size for visual stimuli is limited by participants’ screens
and audiovisual synchrony can be less reliable and dependent on participants’
internet connection. These factors could possibly affect any visual or audiovi-
sual effects. Therefore, this direct comparison could inform future studies where
synchrony and presentation size of audiovisual stimuli are crucial about the po-
tential and limitations of online testing.

2.2 Experiment 1 - articulatory cues

2.2.1 Method

Power analysis

We estimated statistical power by means of Monte Carlo simulations (N= 1000
Kumle, Vı, & Draschkow, 2021) using Generalized Linear Mixed Models (Bates,
Mächler, Bolker, & Walker, 2015), setting the overall perceptual difference be-
tween videos with lexical stress on the �rst syllable (’strong-weak’ [SW] ) and
videos with lexical stress on the second syllable (’weak-strong’[WS] ) in the au-
diovisual conditions to 5%, which we considered the smallest, interesting effect
size we liked to be able to detect. With this effect size, we achieved a power of
0.81 with 48 participants. See the OSF page (https://osf.io/4d9w5/ ) for
the R code implementing this power analysis.

Participants

Forty-eight native speakers of Dutch were recruited for each version of this ex-
periment (Experiment 1A [ in-house] : 37 female, 11 male, median age= 25,
range = 19 � 39; Experiment 1B [online] : 35 female, 13 male, median age
= 23, range = 18 � 37) through the Max Planck Institute for Psycholinguistics

https://osf.io/4d9w5/
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participant pool. Participants gave informed consent as approved by the Ethics
Committee of the Social Sciences Faculty of Radboud University (project code:
ECSW-2019-019). None of the participants reported any hearing or language
de�cit and all had normal or corrected-to-normal vision. Participants received
monetary compensation for participation.

Materials

Materials consisted of seven disyllabic, segmentally identical minimal pairs of
frequent Dutch words (see Table 2.1). The pairs only differed in the position
of lexical stress (e.g., VOORnaam[ �rst name ] vs. voorNAAM [ respectable] ).
High-de�nition video recordings of a male native speaker of Dutch (i.e., the last
author) producing all 14 words were made. The speaker was recorded in front
of a natural background in a sitting position (see Figure 2.2). He was instructed
to produce the words naturally. Inspection of the acoustic correlates of lexical
stress, con�rmed the correct stress pattern (see Table 2.2). A more detailed
by-item overview of the acoustic correlates of lexical stress is provided in the
Appendix, 2.5 (see 2.3 in Appendix, 2.5). Videos were cropped to 620 x 620
pixel squares showing the speaker’s face and torso and exported as avi �les. The
audio sampling rate was 48 kHz and the video sampling rate was 50 Hz.

Table 2.1: Overview of the Dutch items used in this study[English translations] .
Item pairs are segmentally identical (see IPA transcription) and only
differ in the placement of lexical stress (indicated by capital letters).

SW WS IPA transcription

CAnon[canon] kaNON [cannon] /ka.nOn/
CONtent[content (noun) ] conTENT[content (adjective) ] /kOn.tEnt/

SERvisch[Serbian] serVIES[ tableware] /sEr.vis/
VOORnaam[ �rst name ] voorNAAM[ respectable] /vo:r.na:m/
VOORruit [windshield ] voorUIT [ forward ] /vo:r.flyt/

VOORspel[prelude] voorSPEL[predict] /vo:r.spEl/
VOORtuin[ front garden] forTUIN [ fortune ] /vo:r.tflyn/

Lexical stress in Dutch is primarily cued by three suprasegmental cues: funda-
mental frequency (F0), duration, and intensity (Rietveld & Heuven, 2009). F0
is the biggest contributor in words in isolation and words that align with phrasal
accent (Rietveld & Heuven, 2009). Therefore, we created a lexical stress contin-
uum for each minimal pair (ranging from SW to WS) by manipulating F0, while
keeping duration and intensity constant at ambiguous values (i.e., midway be-
tween stressed vs. unstressed). The SW and WS audio were extracted from the
video recordings and then manipulated. We determined the average duration
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of the �rst and second syllable within each item pair and set the values for the
syllables in both words to these average values, making intensity and duration
identical across words and thus ambiguous with regards to lexical stress. Using
duration-ambiguous audio allowed us to linearly interpolate the F0 contours of
both words in a pair, creating a single F0 stress continuum per word pair. The
F0 contours were sampled at 10 ms time bins and interpolated in eleven steps
(step 1 and 11 being the original SW and WS contours). Note that this contour
interpolation method (see Figure 2.1) is different from the more arti�cial F0 in-
terpolation method used in Bosker and Peeters (2021). Speci�cally, in that study,
original F0 contours were removed and replaced with relatively �at F0 contours
that only varied in intercept along the continuum steps (i.e., varying only F0
height; not shape). Using the present contour interpolation method resulted in
more naturally sounding stimuli.

Table 2.2: Mean acoustic correlates of lexical stress in our stimuli.
Syllable 1 Syllable 2

Stressed Unstressed Stressed Unstressed

Duration (seconds) 0.37 0.28 0.48 0.41
Intensity (dB) 69.66 62.54 65.93 62.36
F0 (Hz) 189.75 114.63 158.94 111.70

Interpolated F0 contours were applied to the SW recording (with ambiguous
duration and intensity) using PSOLA in Praat (Boersma, 2006). SW and WS
recordings were segmentally almost identical, but applying the F0 contour to
the SW recordings led to a more natural sounding continuum. This held for all
but for one item pair ( SERvischvs. serVIES), where the F0 contours were ap-
plied to the WS recording because it resulted in more natural sounding tokens.
These manipulated speech tokens (N= 77; 7 pairs x 11 steps) were presented
to 10 participants in an audio-only pretest. Participants had to categorize the
tokens as either SW or WS in a 2AFC task. Based on their categorization data,
we selected �ve tokens for each pair that sampled a perceptually de�ned contin-
uum from SW (> 80% SW responses) to WS (< 20% SW responses) with 3 more
ambiguous steps in the middle. Additionally, the original recordings (i.e., with
unmanipulated F0, duration, and intensity) were used as the extreme ends of
the continua, resulting in a total 7-step perceptual lexical stress continuum for
each pair.

The experiment had three conditions: audio-only (A), video only (V), and
audiovisual (AV). For the A condition, we presented the manipulated F0 con-
tinua with a still image of the speaker with a neutral facial expression and a
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Figure 2.1: F0 contours of the steps on the stress continuum for the item pair voor-
naam. F0 contours are ranging from unambiguous SW (green) to
unambiguous WS (orange), with �ve more ambiguous steps in be-
tween. Steps for each item pair were selected from 11 step continua
based on pretesting.

closed mouth. In the V condition, we presented muted videos of the speaker
producing either the SW or WS word. Crucially, in the AV condition, we com-
bined each video with the entire lexical stress continuum, aligning the audio and
video at the second syllable onset (see Figure 2.2). This audiovisual alignment
was implemented by replacing the original audio in the recorded videos with
the manipulated tokens, aligning the manipulated second syllable onset to the
timepoint of the unmanipulated second syllable onset. By aligning at second syl-
lable onset, we minimized synchrony issues on either syllable, making the �rst
syllable only slightly misaligned at onset and the second syllable only at offset
(see Figure 2.2). This was the most optimal alignment solution, resulting in
only slight audiovisual asynchrony, while at the same time controlling for dura-
tion cues (i.e., setting them to ambiguous values midway between stressed vs.
unstressed). The average asynchrony for our stimuli was 40 ms at word onset
(SD= 15 ms, range= 15 � 77 ms) and 37 ms at word offset (SD= 25 ms, range=
6 � 75 ms) (see Table 2.4 in Appendix, 2.5), which were deemed acceptable since
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asynchronies in speech of up to 150 ms are typically perceived as synchronous
(Dixon & Spitz, 1980).

All stimuli were cut such that there was approximately a 500 ms silent interval
before word onset and after word offset. The average total duration of the stimuli
was 1875 ms. Taken together this resulted in 161 items, of which 49 were A
items (7 items x 7 steps), 14 V items (7 items x 2 videos), and 98 AV items (7
items x 7 steps x 2 videos), each presented once for reasons of time.

Figure 2.2: Overview of the AV stimuli.SW and WS videos were combined with
every step on the lexical stress continuum. Lower panel shows rel-
ative asynchronies of duration manipulated ambiguous audio with
original SW and WS audio. Video and audio were aligned at second
syllable onset to minimize asynchronies. Note that the visual differ-
ences between SW and WS videos are very subtle. SW= strong-
weak, stress on �rst syllable; WS = weak-strong, stress on second
syllable.

Design and Procedure

The in-house experiment, Experiment 1A, was run in Presentationfi software
(Version 18.0, Neurobehavioral Systems, Inc., Berkeley, CA) and presented on
a 24� full HD screen with a refresh rate of 144 Hz. AV stimuli appeared in
the center of the screen as 1080 x 1080 pixel displays on a white background.
Audio was presented through high quality headphones (beyerdynamic DT 770
PRO 32 Ohm) at a comfortable volume. Participants were seated at a distance of
approximately 60 cm from the screen. The videos were presented at full screen
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making the speaker’s head 5.7 cm wide and 7.5 cm tall. From the distance to
the screen (d) and the size of the head (h) we could calculate a visual angle (� )
indicating how big the head appeared to the participants (tan( � / 2) = (h/ 2) / d).
The visual angle of the head was 7.15°, which is equivalent to a conversation
with someone at 1.93 m distance, assuming an average male head height of
24.1 cm from the chin to the top of the head (Lee, Shin, & Istook, 2006). This
falls in the range of interpersonal interactions (Ruijten & Cuijpers, 2020) and is
considered a comfortable interaction distance.

For the online version of this experiment, Experiment 1B, we used Gorilla
Experiment Builder (http://gorilla.sc ; Anwyl-Irvine, MassonniØ, Flitton,
Kirkham, & Evershed, 2020). In Experiment 1B, presentation size was deter-
mined by the participants’ screen. Presentation size was maximally equal to
Experiment 1A if the screen was large enough. Otherwise presentation size
was restricted to the height of the screen. Devices such as tablets and phones
were not allowed for the experiment. In a brief questionnaire preceding the
experiment, participants reported an average seating distance of 50.9 cm and
an average screen height of 17.72 cm. This resulted in an average visual an-
gle of 5.18°, which is equivalent to a conversation with someone at a distance
of 2.66 m, but there was considerable variation in visual angle between par-
ticipants. See OSF for participants’ reported screen sizes and calculated visual
angles (https://osf.io/4d9w5/ ). Lastly, participants were required to use
high quality headphones, which was checked with a headphone screening prior
to the main experiment (based on Huggins Pitch, see Milne et al., 2021).

In both Experiment 1A and 1B, all 161 unique items, from the three conditions
(14 AV, 7 A and 2 V for each item), were presented once in a fully randomized
order. This meant that A, V, and AV stimuli were intermixed. The task was to de-
cide from two words presented on screen, what the speaker was saying (2AFC).
Before the task, participants received four practice trials to become familiar with
the materials and the task. Four stimuli sampled from all three conditions were
chosen as practice trials, using only original unmanipulated audio (A-SW, V-WS,
AV-SW AV-WS). Participants were instructed to look at the screen at all times.
They were explicitly told beforehand that they would see videos with and with-
out audio, and audio with a still image.

A trial began with the two response options (e.g., VOORnaamvs. voorNAAM)
presented on either side of the screen (Arial, font size 16) for 1500 ms. Lexical
stress was indicated by capital letters. The sides on which SW and WS words
were presented were counterbalanced across participants. Then a �xation cross

http://gorilla.sc
https://osf.io/4d9w5/
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was displayed for 500 ms, and then the stimulus. The �xation cross was posi-
tioned at the center of the speaker’s mouth, which appeared 120 pixels above
the center of the screen. After the stimulus, the response options appeared again
for a maximum of 4000 ms. Participants responded by pressing the �Z� and �M�
button on the keyboard, corresponding to the left and right word on screen. Af-
ter a response, the selected word was highlighted by displaying it in a bigger font
size (20) for 500 ms. After this, a 500 ms blank screen was presented before the
next trial began automatically. Halfway through, participants had a chance to
take a break. The duration of the experiment was approximately 40 minutes.

Note that all A, V, and AV trials were presented in fully random order. We
decided to present all trials intermixed to ensure participants would look at the
screen throughout an experimental session (i.e., not closing their eyes), since V
trials could only be categorized by watching the screen. However, this is different
from earlier work (Jesse et al., 2017; Scarborough et al., 2009) that only tested
V-only stimuli. Therefore, in order to assess the effect of this intermixed order
on participants’ responses, we additionally included a V-only task after the main
experiment. Hence, participants were presented with the V-only stimuli in the
main block of the experiment, where they were intermixed with the A and AV
trials, and again in a separate V-only block. After completing the main block,
participants of Experiment 1A were presented with three rounds of all the V
items in a randomized order. Due to a scripting error, the V items were presented
only once in Experiment 1B. The purpose of the V-only task was to more closely
replicate the experiment by Jesse and McQueen (2014), who only used V-only
stimuli, and determine the effect of the articulatory cues when participants could
solely focus on the visual information and would not have to switch between
modalities.

2.2.2 Results

Results for Experiment 1A and 1B were analyzed together with Generalized Lin-
ear Mixed Models using the lme4 library (Bates et al., 2015) in R (R Core Team,
2021). Two different models were created, one for the V condition and one
comparing the AV condition to the A condition. In both models, participants’
categorization responses, that is lexical stress on the �rst (SW coded as 1, e.g.,
VOORnaam) or second syllable (WS coded as 0, e.g.,voorNAAM), formed the
dependent variable. Models with Version (i.e., in-house vs. online; see OSF:
https://osf.io/4d9w5/ ) as a predictor neither revealed signi�cant effects of
Version nor increased log-likelihood model �t, indicating similar response pat-

https://osf.io/4d9w5/
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terns for the in-house and online versions. Hence, we report the simpler models
without Version as a predictor.

We ran the video-only model to assess whether participants could reliably use
the visual cues to lexical stress in video-only trials, aiming to replicate �ndings
by Jesse and McQueen (2014). This video-only model included Video (categor-
ical, deviance coded: SW as 0.5 and WS as -0.5), Block (categorical, deviance
coded: V-only block as 0.5 and main block as -0.5), and their interaction as pre-
dictors. Participant and Item were included as random effects, including random
slopes for Video and Block. The video-only model revealed a signi�cant effect
of Video (� = 0.977, SE= 0.189, z = 5.173, p < 0.001), meaning that there
was a signi�cant difference between the proportion SW responses for SW and
WS videos. The intercept also turned out signi�cant ( � = � 0.356, SE= 0.133,
z = � 2.671, p = 0.008), indicating that participants’ responses were generally
biased towards WS (see right panel Figure 2.3). This means that differences in
lexical stress were indeed visible in the videos, although largely driven by the
WS videos. Moreover, there was a signi�cant interaction of Video and Block
( � = 0.393, SE= 0.148, z = 2.656, p = 0.008), showing that the Video effect
was larger in the unimodal video-only block than in the main block (see right
panel Figure 2.3). A model including Version (categorical, deviance coded, on-
line as 0.5 and in-house as -0.5) was rejected as it did not improve the �t, in-
dicated by log-likelihood ratio tests. Hence, the results for the video-only trials
were comparable between the in-house and online version.

Next, we compared the audiovisual conditions to the audio-only condition. In
this model, we included Continuum Step (continuous; z-scored by taking steps
1-7, subtracting the mean, and dividing by the Standard Deviation) and Condi-
tion (categorical predictor with three levels; SW, WS, and A; with A mapped on
the intercept), with Participant and Item as random effects with random slopes
for both predictors. The model only showed a signi�cant effect of Continuum
Step (� = � 1.865, SE= 0.125, z = � 14.908, p < 0.001), meaning that with
increasing steps on the continuum, the proportion of SW responses decreased.
However, neither SW videos (� = 0.004, SE= 0.064, z = 0.058, p = 0.954) nor
WS videos (� = � 0.054, SE= 0.068, z = � 0.810, p = 0.418) in�uenced the
responses when compared to the A condition (intercept). The responses on AV
trials were hence similar to A trials, which is illustrated by the overlapping lines
in the left panel in Figure 2.3.

Similarly, to the video-only model, the addition of Version (in-house vs. on-
line) did not improve �t for the audiovisual model, suggesting similar perfor-
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mance in-house and online. Moreover, adding an interaction between Contin-
uum Step and Condition to the model did not signi�cantly improve the model
�t to the data, as revealed by log-likelihood model comparison.

Figure 2.3: Results from Experiment 1:Comparison of in-house results (1A) and
online results (1B) reveal similar patterns (note: combined data were
analyzed in the statistical models). Left panels show the results from
the AV and A-only trials. Proportion SW responses were highest for
auditory step 1 (unambiguous SW) and lowest for auditory step 7
(unambiguous WS). The colored AV lines overlap with the black A-
only line, suggesting that visual articulatory information on the face
have little in�uence on audiovisual perception of lexical stress. How-
ever, the right panel shows that participants could in fact see differ-
ences in lexical stress when presented with the videos only, without
any audio. Moreover, the effect in the unimodal V-only block was
bigger than in the main block. Note that the effect on V-only trials
appears to be driven mostly by the WS pattern. SW= strong-weak,
stress on �rst syllable; WS = weak-strong, stress on second syllable.

2.2.3 Interim Discussion

Results from the V-only block replicated the �ndings by Scarborough et al. (2009)
and by Jesse and McQueen (2014). The results showed that participants could
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differentiate the position of lexical stress from seeing muted videos alone. In
our data, this effect appeared to be driven by visual cues in the WS condition.
Responses for SW videos were around chance level in all blocks, except for the V-
only block in Experiment 1A. This indicates that the visual cues for lexical stress
were generally more apparent in WS words. Since a WS stress pattern is less
frequent in Dutch disyllabic words (van Heuven & Hagman, 1988), it is possible
that the speaker produced the visual stress cues in the WS words more clearly
than in the more common SW words. Alternatively, more atypical stress patterns
might be perceptually more salient to the participants and help categorization.

Moreover, we found that the video effect was smaller in the main block, when
V trials were intermixed with A and AV trials. The smaller effect likely re�ects
the increased dif�culty due to modality switching. Especially switching from
auditory processing to visual processing has been found to be very costly Sandhu
and Dyson (2012). Alternatively, the difference in effect size could be due to the
presentation order since the V-only block was always presented after the Main
block. Hence, participants were more familiar with the items in the V-only block,
where we found a larger effect.

Regardless, we found a video effect in both blocks and both experiments,
meaning that participants could perceive a difference between silent videos with
different lexical stress patterns. Moreover, they could do so even at smaller
and arguably more realistic presentation sizes for face-to-face communication
than in previous studies (Jesse & McQueen, 2014; Scarborough et al., 2009).
In Experiment 1A, we presented the videos at a visual angle equal to a realis-
tic conversation distance of 1.9 m. In Experiment 1B, the presentation size was
more variable and generally smaller, simulating a conversation with someone at
a distance of 2.66 m. While not statistically signi�cant, our data show that the
effect was numerically stronger in Experiment 1A with the larger presentation.
The reasons for this unexpected difference are unknown. It is possible that the
perceptibility and usability of some visual stress cues are affected by the visual
angle, and that some cues are affected more strongly by presentation size than
other. For example, SW stress cues might be more sensitive to presentation size
than WS stress cues. Still, we found the Video effect in both versions, indicating
that subtle lexical stress cues on the face can affect visual perception at varying
scales.

However, despite these informative visual cues in the videos, we failed to �nd
a video effect in the AV condition. We did not �nd evidence for visual infor-
mation on the face affecting perception of lexical stress. This null result cannot
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be fully explained by any visual properties of the articulatory cues in the videos
themselves, such as low saliency, since we found that participants were able to
perceive visual cues in the muted videos. Hence, we would expect to �nd a
video effect in audiovisual perception, at least for audiovisual trials with WS
video (showing the largest V-only effect). However, we did not �nd such an
effect. This result will be further considered in the General Discussion.

2.3 Experiment 2 � articulatory cues & beat

gestures

In Experiment 2, we investigated the effect of the temporal alignment of man-
ual beat gestures on the audiovisual perception of lexical stress when presented
with facial articulatory cues at the same time. Even if articulatory cues have little
effect on audiovisual stress perception, the presence of a visible face could de-
tract attention from the beat gesture and thus reduce the effect of beat gestures
compared to earlier studies.

2.3.1 Method

Participants

All participants were native speakers of Dutch and recruited from the Max Planck
Institute for Psycholinguistics participant pool (Experiment 2A [ in-house] : n=
48; 36 female, 10 male, 2 other; median age= 22; range = 18 � 30; experiment
2B [online] : n= 51; 38 female, 13 male, median age 25, age-range= 18 - 38).
Participants from the previous experiments were excluded from participation.
Participants gave informed consent as approved by the Ethics Committee of the
Social Sciences department of Radboud University (project code: ECSW-2019-
019). None of the participants reported any hearing or language de�cit and all
had normal or corrected-to-normal vision. Participants received compensation
for participation.

Materials

The videos from the �rst experiment, containing visual articulatory cues to lex-
ical stress, were combined with new recordings of the speaker, producing beat
gestures on either the �rst or second syllable, to test the effect of articulatory
cues and beat gestures on audiovisual lexical stress perception. The videos with
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beat gestures were recorded in the same session as the videos previously used
in Experiment 1. The speaker was asked to produce all items again, while also
producing a beat gesture, which naturally aligned with the word’s stressed sylla-
ble. Speci�cally, from a resting position with the palm facing down, the speaker
rotated his hand forward and upward, indicating the apex of the gesture with
the palm facing up, before returning back to a resting position (see Figure 2.5).
In comparison to Bosker and Peeters (2021), the beat gestures in our exper-
iment were relatively small and subtle (see Figure 2.5; for video stimuli see
https://osf.io/4d9w5/ ). For instance, our talker produced gestures with a
smaller peak deceleration (i.e., less abrupt ‘stop’ of the gesture). We quanti�ed
the gestures’ peak deceleration by the vertical height (in percent of the video
height) of the index �nger from the highest to the lowest point of the gesture.
In our stimuli, the gestures travelled 17% in 180 ms (9 frames, 43% to 26%),
where in Bosker and Peeters (2021) it was 36% of the video height in 180 ms (9
frames; from 65% to 29%).

Figure 2.4: Overview of the stimuli in Experiment 2.Naturally produced beat ges-
tures with apex aligned to the �rst (SW = strong-weak, green) or
second syllable (WS= weak-strong, orange). Colored lines illustrate
the hand trajectory in SW and WS video, with approximate align-
ment with the speech signal. Videos were combined with all steps
of the auditory stress continuum. Video and audio were aligned at
second syllable onset.

We then created manipulated video stimuli using Adobe Premiere Pro CC
2018. We cut out the head (including the neck) from the videos without a beat
gesture (from Experiment 1) and pasted it onto a video of the speaker produc-
ing either word of the same item (e.g., VOORnaamor voorNAAM) with a beat
gesture. Since both videos were recorded back to back, the videos aligned very

https://osf.io/4d9w5/
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well. In some cases, the two videos were slightly misaligned due to minimal
talker movement. Such misalignments were adjusted frame by frame by mini-
mally moving the head horizontally to align with the body on all frames. Lastly,
a feathered mask obscured any hard edges. This resulted in a seamlessly merged
video (see Figure 2.5).

The apex of the beat gesture was temporally aligned to the vowel onset of
either the �rst or second syllable by moving the video signal presenting the beat
gestures (i.e., the torso) forward/ backward in time (see Figure 2.4). This ma-
nipulation allowed us to fully cross facial cues producing SW or WS items with
a beat gesture cuing either SW or WS, thus also creating incongruent combina-
tions (e.g., face saying SW but gesture cuing WS). All stimuli were cut such that
there was approximately a 750 ms silent interval before word onset and after
word offset. This ensured that the beat gesture was not cut off and could be
seen from beginning to end. The average duration of the stimuli was 2375 ms.
These combined videos were then again combined with the entire lexical stress
continuum, resulting in a total of 196 audiovisual stimuli (2 heads x 2 beats x 7
steps x 7 items).

Figure 2.5: Video stimuli manipulation. Head from the non-gesture videos from
Experiment 1 (left image) was pasted onto a video of the speaker
producing a beat gesture (middle image) resulting in a seamlessly
combined stimulus (right picture).

Design and Procedure

The design and procedure were identical to Experiment 1, aside from the stim-
uli presented. In Experiment 2, only audiovisual (AV) stimuli were presented.
All 196 audiovisual stimuli, plus an additional 28 catch trials, were presented
to the participants. The catch trials were meant to keep participants’ attention
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on the screen. Speci�cally, in contrast to Experiment 1, participants in Experi-
ment 2 could in principle perform the experiment with their eyes closed (against
instructions). In order to motivate multimodal perception, catch trials were in-
terspersed with the experimental AV trials, which forced participants to keep
watching the screen attentively. Catch trials involved 28 visually congruent stim-
uli (e.g., face and beat indicating unambiguous SW or unambiguous WS) with
congruent unambiguous auditory stress (step 1 or 7), but with a big white �x-
ation cross drawn on the speaker’s face. On such trials, participants were in-
structed not to identify which word they heard but insteadto press the spacebar
whenever they saw a white cross on the speaker’s face. Hence, accurate per-
formance (i.e., pressing spacebar) on catch trials could be taken as an index of
continuous watching of the screen. Before the task, participants received six
practice trials including 2 catch trials to become familiar with the materials and
the task.

The in-house and online experiments were identical in design and procedure.
The screen speci�cations of the in-house Experiment 2A were identical to those
of Experiment 1A. In the online Experiment 2B, the presentation size depended
on the size of the screen participants were using. The average screen size was ca.
1502 x 743 pixels, making the presentation size of the videos only approximately
69% of the size of the in-house experiment. Participants were only allowed to
participate in the experiment with high-quality headphones, which was checked
with a headphone screening prior to the main experiment (based on Huggins
Pitch, see Milne et al., 2021). The duration of the experiment was approximately
40 minutes.

2.3.2 Results

Data from Experiment 2A and 2B were analyzed together to compare outcomes
from the in-lab and online versions. Regarding catch trial performance, all par-
ticipants self-reported having looked at the screen throughout the experimental
session. The catch trial accuracy was high (mean accuracy= 0.90; SD= 0.16)
but with some interindividual variation (see https://osf.io/4d9w5/ for raw
accuracy data).

Overall, response patterns were similar in the in-house and online versions
(see Figure 2.6). The proportions of SW responses went down with increasing
steps on the phonetic continua (audio becoming more WS-like). Moreover, beat
gestures appear to shift responses in the direction of the stress pattern they in-
dicated; that is, beat gestures aligned to the �rst syllable (SW-biasing) led to a

https://osf.io/4d9w5/
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higher proportion of SW responses and beat gestures aligned to the second sylla-
ble (WS-biasing) led to a lower proportion of SW responses (difference between
orange and green lines). Dashed and solid lines, on the other hand, overlap,
suggesting little to no effect of facial articulatory cues.

Data for inferential statistics were analyzed with Generalized Linear Mixed
Models. A model with participants’ categorization responses, that is lexical stress
perceived on the �rst (SW coded as 1, e.g.,VOORnaam) or second syllable (WS
coded as 0, e.g.,voorNAAM) as the dependent variable, was created. Continuum
Step (continuous; z-scored), Beat (categorical predictor, deviance coded: SW as
0.5 and WS as -0.5), Face (categorical predictor, deviance coded: SW as 0.5 and
WS as -0.5), and Version (deviance coded: in-house as 0.5 and online as -0.5)
were included as predictors, together with interactions of Beat and Face, and
Version with all other predictors. The model also included random intercepts
for Participants and Items and by-participant and by-item random slopes for all
predictors.

The model revealed a signi�cant effect of Continuum Step (� = � 1.741,
SE = 0.135, z = � 12.915, p < 0.001) showing decreasing proportions of
SW responses with increasing continuum steps (sounding more WS-like). The
predictor Beat also turned out signi�cant ( � = 0.854, SE = 0.13, z = 6.575,
p < 0.001), indicating higher proportions of SW responses whenever the beat
gesture was aligned to the �rst syllable. On the other hand, Face was not signif-
icant ( � = 0.001, SE= 0.057, z = 0.148, p = 0.882). Finally, only a main effect
of Version was signi�cant ( � = 0.25, SE= 0.122, z = 2.051, p = 0.04), mean-
ing that the intercept was somewhat higher in the in-house version compared
to the online condition. However, no interaction effects were found, suggesting
similar performance in in-house vs. online testing, mirroring Experiment 1.

To test whether the effect of either visual channel (beat gestures and/ or facial
articulation) was larger for more ambiguous continuum steps (i.e., in the middle
of the categorization curves), we created a more complex model with Quadratic-
Step (i.e., z-scored Step squared, continuous) and its interactions with Beat and
Face as predictors. This model marginally improved the model �t as indicated by
log likelihood comparison ( � 2(8) = 15.444, p = 0.051). In that model, Quadrat-
icStep interacted signi�cantly with Beat ( � = � 0.134, SE= 0.05, z = � 2.707,
p = 0.007). This suggests a slight effect of beat gestures in�uencing the percep-
tion of lexical stress more, the more ambiguous the auditory cues are.
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Figure 2.6: Experiment 2 data:Left and right panels show results from the in-
house and online experiment respectively (note: combined data were
analyzed in the statistical models). Online responses were slightly
more biased towards SW responses, but otherwise the results were
very similar. Proportion SW responses decreased when auditory steps
sounded more WS-like. When participants saw a beat gesture aligned
to the �rst syllable (Beat on 1, green lines), the proportion SW re-
sponses was higher across all steps (and vice versa). Overlapping
dashed (Face= WS) and solid lines (Face= SW) suggest that ar-
ticulatory cues on the face had little in�uence on audiovisual lexical
stress perception. SW= strong-weak, stress on �rst syllable; WS =
weak-strong, stress on second syllable.

2.3.3 Interim Discussion

Results showed a clear effect of auditory information on the perception of lex-
ical stress. The proportions of SW responses were highest for the low end of
the phonetic continua (i.e., step 1) and decreased along the continua as the
steps sounded more WS-like. In addition, we replicated previous �ndings of
beat gestures in�uencing lexical stress perception that had been obtained with
the talker’s face masked (Bosker & Peeters, 2021). Our participants responded
with higher proportions of SW responses when the beat gesture indicated an SW
stress pattern (i.e., aligned to the �rst syllable), and lower proportions when
beat gestures indicated a WS pattern (aligned to the second syllable). Finally,
we found some indication that beat gestures do in�uence lexical stress percep-
tion differently, depending on the ambiguity of the audio. That is, beat gestures
seemed to have their strongest impact when the audio was in the ambiguous
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range, approximately between 20 and 80% of SW responses. Still, even though
their effect was slightly reduced at the continua extremes, beat gestures in�u-
enced perception across all steps (visible as separation of green vs. orange lines
at steps 1 and 7 in Figure 2.6), indicating they are a rather ubiquitous cue of lex-
ical stress. This is in stark contrast to articulatory cues to stress that � mirroring
Experiment 1 � did not show reliable effects in audiovisual stress perception.

2.4 General Discussion

This study aimed to determine whether perceptible visual cues to lexical stress
on the face in�uence audiovisual stress perception (Experiment 1). Addition-
ally, in Experiment 2, we tested the combined effect of visual cues on the face
and beat gestures on audiovisual stress perception. That is, we tested whether
the temporal alignment of beat gestures to spoken syllables affected audiovisual
stress perception in more naturalistic situations (i.e., without face masking).

Our video-only results showed that participants could distinguish minimal
stress pairs from just seeing a speaker’s face. This study thus replicates pre-
vious �ndings (Jesse & McQueen, 2014; Scarborough et al., 2009). Although
Jesse and McQueen (2014) used a slightly different task in which participants
would sometimes be presented with word fragments without primary lexical
stress, their results support the same conclusion, namely that participants can
perceive and use visual stress cues on the face. Additionally, our experiment
showed that this effect persisted even when the face was presented at a smaller
scale, mimicking face-to-face interactions. Moreover, we found this effect when
V trials were intermixed with A and AV trials, requiring task switching, and we
found it both in in-house and online settings. However, our effect size in V-only
stress perception was relatively modest compared to Jesse and McQueen (2014),
which may be attributed to these design changes.

All in all, our results highlight that there were visible cues to stress on the
face in our stimuli, primarily when an WS stress pattern was produced, that the
participants could perceive. However, none of the experiments found evidence
that facial articulatory cues of lexical stress in�uenced audiovisualstress percep-
tion. This held when speci�cally testing facial articulatory cues (Experiments 1A
& 1B) and when we combined facial with gestural cues (Experiment 2A & 2B).
The lack of evidence cannot be accounted for by mere absence of visual cues to
stress, since we observed unimodal effects of video in the V-only condition in
Experiments 1A and 1B. That is, participants could distinguish between videos
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of the talker producing either an SW or WS word, indicating that there were
visual cues supporting this categorization.

We suggest two explanations for the lack of an effect of articulatory cues on
audiovisual stress perception. One explanation is that the additional process-
ing of auditory information causes an automatic downregulation of attention
to the subtle visual cues. That is, participants perceive the visual information
less accurately in an audiovisual context. This is in line with �ndings that au-
diovisual integration of speech falters when participants allocate their attention
to an auditory task (Alsius, Navarra, Campbell, & Soto-Faraco, 2005). Alterna-
tively, people might still perceive the visual information as accurately as in the
V-only condition but weight it less heavily in audiovisual integration (Mozolic,
Hugenschmidt, Peiffer, & Laurienti, 2008).

Indeed, people can actively weight visual and auditory cues in audiovisual
perception, depending on the communicative context. For example, if access
to the auditory signal is hindered (e.g., in loud background noise), participants
tend to show a larger McGurk effect (Stacey, Howard, Mitra, & Stacey, 2020).
Therefore, future research may try to disentangle these two accounts by adding
background noise to the target speech. In our experiment with clear speech,
salience could have biased participants towards auditory-dominant processing.
But according to the multisensory cue-weighting account, participants may ac-
tually upweight the visual cues in audiovisual stress perception as the auditory
cues become less accessible (i.e., masked). Such cue-weighting of multimodal
prosody has previously been demonstrated for phrasal intonation differentiating
questions vs. statements (Miranda, Swerts, Moraes, & Rilliard, 2021), and could
also play a role in lexical stress perception in noise Mok (2022). Therefore, we
do not claim that visual cues to prosody never in�uence audiovisual speech per-
ception, but we couldn’t �nd any evidence for it when testing speech-in-quiet in
our study.

Next to �exible multisensory cue-weighting, it may be that some participants
rely on these visual prosody cues more than others (seehttps://osf.io/
4d9w5/ for individual by-participant variation in Experiment 1). Further re-
search could investigate individual differences in multisensory cue-weighting
(Wilbiks, Brown, & Strand, 2022). Also, languages vary in how stress is cued
acoustically. Speci�cally, while Dutch stress involves primarily suprasegmental
cues (e.g., F0, intensity, duration; see Rietveld & Heuven, 2009; Severijnen et
al., 2024), in English vowel reduction is a strong cue to unstressed syllables (Cut-
ler, 2015). This segmental reduction in the English stressed versus unstressed

https://osf.io/4d9w5/
https://osf.io/4d9w5/


46 2 Beat Gestures and Articulatory Cues

contrast may be visually more salient compared to only suprasegmental cues in
Dutch (Scarborough et al., 2009). Hence, future experiments could test whether
visual cues to stress in English (i.e., visual correlates of segmentaland supraseg-
mental stress cues) do in�uence audiovisual stress perception. Yet, in our data
on Dutch lexical stress, we did not �nd any reliable evidence demonstrating that
visual articulatory cues in�uenced audiovisual stress perception.

In contrast, we found clear evidence that beat gestures do in�uence lexical
stress perception. This supports previous �ndings of this ‘manual McGurk ef-
fect’ (Bosker & Peeters, 2021). Importantly, there were a few key differences
between Bosker and Peeters (2021) and our study. Bosker and Peeters (2021)
presented participants with videos of a talker who produced larger and more
pronounced beat gestures. Also, the critical target words were embedded in a
lead-in sentence (�Now I say the word. . . �) that itself also contained beat ges-
tures. In our study, the gestures were smoother, with less emphasis on the apex,
presented on isolated words. Nevertheless, we observed a comparable effect size
across the two studies (overall shift in proportion SW responses of about 0.2).
The fact that we still found an effect makes a strong case for the importance of
beat gestures in audiovisual speech perception, even when the gestures are less
pronounced. Furthermore, it indicates that the form and saliency of the gesture
are less important than the temporal alignment of the gesture with the spoken
signal. Future work could focus on even more natural gestures, for example
spontaneous gestures produced by a naïve talker.

Another major difference to Bosker and Peeters (2021) was the fact that we
presented videos with the talker’s face unmasked. Despite the face clearly pro-
viding visual (and sometimes con�icting) information with regards to lexical
stress, this did not interact with the gestural effect. We hypothesized that two
different visual cues (e.g., articulatory cues and beat gestures) could enhance
audiovisual perception beyond the in�uence of just one visual cue, similar to
previous �ndings on segmental speech and iconic gestures (Drijvers & Özyürek,
2017). However, facial cues to suprasegmental contrasts are much less salient,
which could in part explain why we were not able to �nd an effect of articulatory
cues in Experiment 1. By extension, it was unlikely that these articulatory cues
would enhance the gestural effect.

In contrast, it was also possible that the presence of an unmasked face, espe-
cially in combination with a smaller and less salient beat gesture, would atten-
uate the effect of beat gestures on stress perception. Faces tend to be looked
at more than other objects in a scene (Ro et al., 2001) and they draw more
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attention (Mathews et al., 1997; Theeuwes & Van der Stigchel, 2006). Presen-
tation of the face could thus have reduced attention to the beat gesture affecting
the results. However, we �nd a similar beat gesture effect as Bosker and Peeters
(2021), suggesting that it is a robust effect and likely not largely affected by face
(un)masking. However, future studies could test this suggestion more explicitly
by presenting the same video stimuli with and without face masking.

Results from our online experiments (Experiments 1B, 2B) were very similar to
our in-house experiments (Experiments 1A, 2A). Importantly, the beat gesture
effect was not smaller in the online experiment even though the presentation
size was smaller due to the limitations of online testing. This is strong evidence
for the in�uence of beat gestures, as the effect is equally large when presented
at life-like size, imitating a face-to-face conversation at a distance of 1.93m, as
well as when presented signi�cantly smaller. This suggests that the effect of
beat gestures is ubiquitous and very robust. Moreover, audiovisual synchrony
is presumably more variable in online experiments than in fully controlled in-
house experiments. Our study’s results suggest that the gesture effect is robust
across variable audiovisual asynchronies. However, this remains to be tested
in future work manipulating gesture-speech synchrony in a more �ne-grained
manner. Nonetheless, we can conclude that online testing is a viable option for
studies using audiovisual stimuli, where presentation size and synchrony might
be crucial.

We aimed to investigate audiovisual perception of lexical stress in a more nat-
uralistic setting compared to earlier work, which we achieved mostly through
our stimuli and their presentation size. All words and gestures were produced
naturally and videos were presented at realistic sizes, which mimic daily face-to-
face interactions, with the face unmasked. The interpolation of the F0 contours
further increased the naturalness of the stress continuum when compared to
Bosker and Peeters (2021), who used arti�cial F0 contours. However, it was
still an experimental lab-based study with its own limitations. While the record-
ings were produced naturally, the talker was asked to sit still, which might have
minimized production of non-articulatory visual cues such as head nods and
eye-brow movements, which have been found to be strong cues of prominence
(Swerts & Krahmer, 2008). Moreover, we only presented single words. It re-
mains to be seen whether the effect of beat gesture remains in a disambiguat-
ing sentence or discourse context. If semantic or syntactic cues constrain word
recognition and thus disambiguate a word, less weight might be assigned to the
beat gesture and thus the effect could appear smaller in such richer contexts.
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Moreover, in a sentence context, lexical stress might interact with sentence-
level prosody. Crucially, the word might not always appear in focused positions
but out-of-focus instead (e.g., discourse-old, already mentioned referents). For
words in such non-focused positions, beat gesture integration has been found to
be more costly (Dimitrova et al., 2016). Therefore, it is possible that the effect of
beat gestures may differ depending on the position of a word within a sentence.

While we did not set out to test any speci�c models of audiovisual speech per-
ception, our �ndings do have implications for such models. Speci�cally, some
models of audiovisual speech perception, for example the Fuzzy Logic Model of
Perception (FLMP; see Massaro, 1998), assume that visual and auditory infor-
mation are identi�ed separately and matched to learned prototypes in parallel
(e.g., how much a phoneme matches an abstract prototype representation) be-
fore they are integrated into one multisensory percept. However, beat gestures
have no inherent meaning. Not the beat gesture itself, but rather its temporal
alignment to speech informs a listener on the position of lexical stress. This
makes beat gestures unique visual articulators. It is unclear how a model like
the FLMP that assumes unimodal processing �rst would deal with beat gestures.

The Supramodal Brain (Rosenblum et al., 2017) is a model that assumes that
the multisensory speech cues that we perceive are not tied to a speci�c modal-
ity and are thus processed supramodally. It would suggest that a beat gesture
is not processed independently as a visual cue alone but rather together with
the auditory (and other multimodal) cues. The main difference with the FLMP
is the timing of the integration of information from different modalities. The
FLMP proposes a rather late integration, whereas the Supramodal Brain assumes
early integration. Examining the time-course of the Manual McGurk effect (e.g.,
with eye-tracking) could give us unique insights into audiovisual integration of
speech. Are beat gestures used to guide online word recognition (i.e., beat ges-
ture information is used as soon as it is available) just like acoustic cues to promi-
nence (Reinisch et al., 2010), or are beat gestures only used post hoc after the
auditory speech has been processed independent of the beat gesture? Answers
to these questions would inform models of audiovisual speech perception on the
timing of gesture-speech integration and give us a better understanding of the
role of gestural timing in speech perception.

In conclusion, lexical stress perception is not a unimodal auditory process but
is inherently multimodal. We found that beat gestures had a large and robust
effect on lexical stress perception, suggesting they can play a role in audiovisual
communication. Therefore, researchers should consider the rich multimodal
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context of human communication when studying the perception of lexical stress
and other segmental and suprasegmental aspects of speech.
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2.5 Appendix

Table 2.3:Overview of the acoustic correlates of stress (duration, intensity, F0)
for all items.

Item Syllable 1 Syllable 2

Duration (s) Intensity (dB) F0 (Hz) Duration (s) Intensity (dB) F0 (Hz)
canon_SW 0.26 70.49 181.89 0.35 64.58 115.39
content_SW 0.37 67.39 189.40 0.42 61.83 108.08
serviesch_SW 0.48 69.23 200.10 0.39 59.29 111.17
voornaam_SW 0.36 70.80 200.03 0.41 64.19 115.30
voorruit_SW 0.37 72.56 195.79 0.45 60.19 112.57
voorspel_SW 0.33 69.73 175.04 0.48 62.07 106.74
voortuin_SW 0.43 67.44 186.02 0.35 64.39 112.66
Mean 0.37 69.66 189.75 0.41 62.36 111.70

Item Syllable 1 Syllable 2

Duration (s) Intensity (dB) F0 (Hz) Duration (s) Intensity (dB) F0 (Hz)
canon_WS 0.19 61.89 105.04 0.48 67.45 148.77
content_WS 0.29 62.61 116.21 0.48 67.71 162.42
serviesch_WS 0.33 61.67 110.01 0.54 61.59 174.18
voornaam_WS 0.28 63.25 116.37 0.48 67.54 144.72
voorruit_WS 0.31 64.00 124.89 0.49 65.55 154.12
voorspel_WS 0.24 64.91 117.73 0.53 63.15 180.28
voortuin_WS 0.34 59.42 112.16 0.36 68.54 148.12
Mean 0.28 62.54 114.63 0.48 65.93 158.94

Table 2.4:Asynchronies of duration-manipulated stimuli with original audio (in
ms)

Item Syllable 1 Onset Syllable 2 Offset
canon_SW -0.031 0.067
canon_WS 0.031 -0.067
content_SW -0.040 0.030
content_WS 0.040 -0.030
serviesch_SW -0.077 0.075
serviesch_WS 0.077 -0.075
voornaam_SW -0.040 0.033
voornaam_WS 0.040 -0.033
voorruit_SW -0.032 0.020
voorruit_WS 0.032 -0.020
voorspel_SW -0.044 0.025
voorspel_WS 0.044 -0.025
voortuin_SW -0.043 0.006
voortuin_WS 0.043 -0.006
Mean 0.044 0.037
SD 0.014 0.023
Min. 0.031 0.006
Max. 0.077 0.075



3 j Beat gestures can in�uence on-line spoken

word recognition

Abstract

Beat gestures are common co-speech gestures, and closely coupled with lexical
stress. Hence, seeing a beat gesture on an initial syllable can bias people to
report hearing a word with initial stress. This study tested whether these effects
re�ect task-effects or genuine word recognition processes, using the visual world
paradigm in eye-tracking. Participants heard auditory stimuli of disyllabic Dutch
stress pairs (e.g.,VOORnaamvs. voorNAAM) with clear or ambiguous stress
cues, while seeing videos of a talker in the center of the screen producing a
beat gesture on the �rst or second syllable (or no gesture). Results showed
that on stress-ambiguous trials, beat gestures guided word recognition in an on-
line manner, similar to acoustic stress cues. For instance, a beat gesture on the
�rst syllable biased looks towards VOORnaambefore word offset. These results
suggest that beat gestures � despite their limited inherent meaning � can affect
on-line lexical access.
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3.1 Introduction

Speech is made up of segmental information, like speech sounds such as vow-
els and consonants, but also includes prosody in the form of suprasegmental
information. For example, changes in pitch can indicate a question rather than
a statement (for review see Xie, Buxó-Lugo, & Kurumada, 2021). But even
on the word-level, prosody can be a strong factor in speech perception. For
example, lexical stress can be very useful for spoken word recognition in free-
stress languages like Dutch, which is studied here, because it can be lexically
contrastive. That means that the placement of lexical stress can be the only dif-
ference between two segmentally identical words (e.g., DutchVOORnaam[ �rst
name] vs. voorNAAM [ respectable] ; /vo:r.na:m/ ; capitals indicate stress). As
such considering stress in speech comprehension can reduce lexical competition
and facilitate word recognition and disambiguation (for review see Cutler &
Jesse, 2021). In fact, recent studies on Dutch (Reinisch et al., 2010) and English
(Jesse et al., 2017) have found that acoustic stress cues are used in real-time,
thus facilitating fast and ef�cient speech perception. This study tests whether
visual cues to stress, namely co-speech beat gestures, are also used in an on-line
fashion in spoken word recognition.

Speci�cally, using a visual world paradigm (VWP) with eye-tracking, Reinisch
et al. (2010) tested 24 participants and measured their eye movements while
they heard audio recordings of Dutch words (e.g.,OC-to-pusvs. ok-TO-ber) that
were segmentally identical in the �rst two syllables (e.g., /Okto/ ) and only dif-
fered in the placement of lexical stress. Written response options were presented
in each corner of the screen and participants were asked to click on the word they
heard as fast as possible. The researchers found that participants were able to
look at the correct word well before it was segmentally disambiguated. That
is, participants already �xated the target (e.g., �OCtopus�) immediately after
hearing the stressed syllable (e.g., �OC�) and before hearing the segmentally
disambiguating �nal syllable (e.g., �pus�). The authors concluded that listeners
used the auditory lexical stress cues in real-time as soon as they became available
(well before word offset and before the segmental point of disambiguation) to
resolve lexical competition and choose the correct word. This �nding has since
been replicated in studies of different free-stress languages such as English (Con-
nell et al., 2018) and Italian (Sulpizio & McQueen, 2012). This emphasizes the
important role stress plays in lexical access, supporting ef�cient and fast word
recognition.
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However, the aforementioned studies on the time-course of lexical stress per-
ception (Jesse et al., 2017; Reinisch et al., 2010) focused solely on auditory per-
ception, while speech perception often also involves the visual modality (Holler
& Levinson, 2019; Perniss, 2018; Rosenblum, 2008). In the auditory modality,
stress is usually expressed with modulations of acoustic cues such as fundamen-
tal frequency (F0), duration and intensity (Rietveld & Heuven, 2009; Severijnen
et al., 2024). In the visual modality, stress can be visible on the face Jesse and
McQueen (2014); Scarborough et al. (2009) and in the hands, re�ected by the
timing of gestures with stressed syllables (Krahmer & Swerts, 2007; Leonard &
Cummins, 2011). That begs the question whether these visual cues can also
affect on-line spoken word recognition immediately just like auditory cues. A
recent study found no effect of visual articulatory stress cues on the face inau-
diovisual stress perception (Bujok, Meyer, & Bosker, 2025): An audio with a
video of a talker saying a word with initial stress (strong-weak; SW; e.g., VOOR-
naam) was perceived similarly to the same audio paired with a video of a talker
saying a word with �nal stress (weak-strong; WS; e.g., voorNAAM). This is pre-
sumably because of the low salience and reliability of visual articulatory cues to
stress. In contrast, manual beat gestures have been consistently found to affect
stress perception (Bosker & Peeters, 2021; Bujok et al., 2025).

Beat gestures are simple, rhythmic up-and-down gestures of the hand, which
are considered the most commonly used co-speech gestures (McNeill, 1992).
Despite their redundancy (i.e., people can in principle communicate success-
fully without gesturing), they are believed to be inherently linked to speech pro-
duction and planned together with speech (Kita & Özyürek, 2003). Temporal
coupling of beat gestures and speech has even been found in young children
(Florit-Pons et al., 2023). Speci�cally, their point of maximum extension, the
so-called apex, is tightly linked to acoustically prominent parts of speech (Krah-
mer & Swerts, 2007), especially pitch accents (Leonard & Cummins, 2011). In
languages with lexical stress, the apex of a beat gesture is most closely aligned to
the F0 peak of stressed syllables (Leonard & Cummins, 2011; Shattuck-Hufnagel
& Ren, 2018; Yasinnika, Renwick, & Shattuck-Hufnagel, 2004).

Beat gestures have been found to facilitate word recall (Kushch & Prieto,
2016) and integration of the words they were aligned to (e.g., Dimitrova et
al., 2016). Moreover, their close temporal connection with stress can be used
by listeners in their lexical stress perception. Recent studies have used two-
alternative forced choice (2AFC) tasks to test the in�uence of beat gestures
(Bosker & Peeters, 2021; Bujok et al., 2025). Participants were presented with
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Dutch lexical stress continua (e.g.,/vo:r.na:m/ ; acoustically ranging from VOOR-
naam to voorNAAM) together with a beat gesture aligned to either the �rst or
the second syllable. When asked to categorize the words as either having stress
on the �rst (e.g., VOORnaam) or second syllable (e.g.,voorNAAM), participants’
categorization responses were affected by the alignment of the beat gesture they
saw. That is, when they saw a beat gesture aligned to the �rst syllable, they were
more likely to indicate perceiving stress on the �rst syllable, and when they saw
a beat gesture aligned to the second syllable they were more likely to perceive
stress on the second syllable. This effect of the talker’s gestural timing affected
perception of the entire stress continuum but was largest at the acoustically am-
biguous steps. Yet, these studies cannot reveal when in time beat gestures affect
perception. For example, these effects could re�ect relatively late task-related
decision effects. Alternatively, it is possible that beat gestures aid lexical access
in an on-line manner in the same way auditory cues of lexical stress do (Jesse et
al., 2017; Reinisch et al., 2010).

This study aimed to assess the time-course of lexical access in audiovisual
speech with beat gestures. Speci�cally, our goal was to determine how and when
beat gestures facilitate audiovisual lexical stress perception. To test this, we used
eye-tracking with the visual world paradigm (VWP). The VWP is very well suited
for testing on-line perception because the timing of the eye gaze is closely linked
in time to relevant cues in the speech signal (for review see Huettig, Rommers,
& Meyer, 2011). Generally, auditory stimuli (e.g., speech) are presented while
four response options (e.g., pictures or words) are presented in each corner of
the screen. The dynamic changes in �xations to the response options are closely
linked to the processing of the stimulus and are thus taken as an on-line measure
of stimulus processing.

Most studies have used the VWP with auditory stimuli (e.g., Jesse et al., 2017;
Reinisch et al., 2010). We too adopted the VWP for the present study with a
similar design as Reinisch et al. (2010), but this time using audiovisual stimuli.
The audiovisual stimuli were presented in the center and four written response
options in each corner of the screen. Participants were asked to click on the
word they thought the speaker said as fast as possible, while we measured their
eye movements. Using audiovisual stimuli could increase visual attention and
�xations to the video stimuli, which could make it more dif�cult to �nd small
differences in the �xations to target vs. competitor response options. However,
one study testing spoken word recognition using audiovisual stimuli found that
the visual world paradigm works best when cognitive load is low by means of
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a constant display of response options and increased attention to the speaker
(by using a gesture) (Mitterer & Reinisch, 2017). Therefore, this �nding makes
us con�dent that the VWP with audiovisual stimuli can be applied to test our
research question.

Considering the potential in�uence of the presence of video stimuli on screen
on the proportion of looks to the response options, we �rst wanted to replicate
earlier �ndings on the time-course of the processing of auditory stress cues on
lexical stress perception (Jesse et al., 2017; Reinisch et al., 2010) with audiovi-
sual stimuli (i.e., a talking person, but critically without any gestures). Because
of the considerations about video stimuli, we decided to use lexical stress min-
imal pairs (e.g., VOORnaam� voorNAAM; /vo:r.na:m/ ), where lexical stress is
critical for disambiguation (i.e., unlike OCtpousvs. okTOber; see Reinisch et al.,
2010). This also facilitates comparison with previous studies that used the same
pairs (Bosker & Peeters, 2021; Bujok et al., 2025). We expected to �nd more
�xations to the target (e.g., VOORnaam) than competitor (e.g., voorNAAM) dur-
ing ongoing auditory presentation of the word, and hardly any �xations to any
segmentally distinct distractors (e.g., CAnonor kaNON). At the same time the
audiovisual trials without gestural information serve as a control condition and
can be directly compared to trials with beat gestures. Finally, we combined both
members of a stress pair with the talker’s face articulating the word with initial
stress and also with the talker articulating the word with �nal stress. However,
given the lack of evidence for articulatory cues to in�uence audiovisual stress
perception in prior work (Bujok et al., 2025), we predicted to �nd no evidence
for effects of visual articulatory stress cues on participants’ �xations.

The primary goal of this study was to assess the time-course of the uptake
of beat gestures in audiovisual lexical stress perception. Therefore, in addition
to the aforementioned trials without gestures, we also presented participants
with videos of the talker producing unambiguously stressed words (e.g., original
recordings of VOORnaamor voorNAAM), or ambiguously stressed words (e.g.,
/vo:r.na:m/ midway between clear VOORnaamand voorNAAM), paired with ei-
ther a beat gesture on the �rst (Beat on 1st; Bo1) or on the second syllable (Beat
on 2nd; Bo2).

Beat gestures align most consistently with the pitch accent in the speech signal,
but considering the observation that a beat gesture’s onset and preparation can
precede the onset of a stressed syllable by as much as 300 ms (Leonard & Cum-
mins, 2011), beat gestures could offer early visual information that could be used
to predict the position of lexical stress and speed up word recognition. Hence,
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regarding the unambiguously stressed (henceforth called �original�) trials, we
predicted that congruently timed beat gestures facilitate word recognition and
thus lead to earlier looks to the target word when compared to no-beat trials.
That is, when presented with original words with congruent beat gestures (e.g.,
VOORnaam+ Bo1 or voorNAAM+ Bo2), participants may be faster to �xate the
correctly-stressed target word (vs. stress-mismatching competitor) when a beat
gesture is produced on the stressed syllable (compared to a no-beat condition).
We also included trials with incongruently timed beat gestures (e.g., VOORnaam
+ Bo2 or voorNAAM+ Bo1) for a balanced design. It is possible that incongruent
beat gestures could delay and reduce the looks to the target as the incongruently
timed beat gesture drives some looks to the competitor.

Regarding ambiguously stressed (henceforth called �ambiguous�) trials, where
the audio was perceptually midway between having word initial stress (strong-
weak; SW) vs. word-�nal stress (weak-strong, WS), we predicted to �nd no dif-
ference in looks to the SW (e.g.,VOORnaam) vs. WS member (e.g.,voorNAAM)
when the beat gesture was absent because of the auditory ambiguity. In contrast,
when a beat gesture was present and thus a critical disambiguating cue for lex-
ical stress, we predicted more �xations to the word suggested by the temporal
alignment of the beat gesture. That is, we predicted more looks to the word with
word-initial stress on ambiguous trials with a beat gesture on the �rst syllable,
but more looks to the word with word-�nal stress on ambiguous trials with a
beat gesture on the second syllable. Moreover, we expected to �nd this effect of
preferential looking before word offset and time-locked to the apex of the beat
gesture, which has been found to be the most consistently aligned part of a beat
gesture with stressed syllables (Leonard & Cummins, 2011). This would indi-
cate that the beat gesture information is used to make fast and ef�cient decisions
about lexical stress, playing an important role in early on-line lexical access, just
like auditory cues (Reinisch et al., 2010). However, if we �nd late preferential
looking behavior (i.e., after word offset) this would mean that listeners prior-
itize auditory processing and, unlike auditory information, likely use gestural
information relatively late in task-related decision-making processes.
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3.2 Methods

3.2.1 Participants

Participants gave informed consent to participate in this study, which was ap-
proved by the Ethics Committee of the Social Sciences department of Radboud
University (project code: ECSW-2019-019). Criteria for eligibility for this study
were normal or corrected-to-normal vision, no reported hearing or language
de�cit, and having Dutch as their native language. Participants were �nan-
cially compensated for their participation. 32 participants (27 female, 5 male),
were recruited from the Max Planck Institute for Psycholinguistics participant
database. Median age was 21 (SD= 3.7, range = 18 - 36).

3.2.2 Materials

Materials used in the present study were adopted from a previous study (Bu-
jok et al., 2025). Seven disyllabic segmentally identical minimal stress pairs of
Dutch, which differed only in the placement of lexical stress, were chosen (see
Table 3.1). We made high-de�nition video recordings of a male native speaker of
Dutch (i.e., last author) producing all of these words naturally without any ges-
ture. Additionally, we recorded the same speaker producing all of the words with
a naturally aligned beat gesture on the stressed syllable. Video was recorded at
50 frames per second and audio was sampled at 48 kHz.

Table 3.1: Overview of the Dutch items used in this study[English translations] .
Item pairs are segmentally identical (see IPA transcription) and only
differ in the placement of lexical stress (indicated by capital letters).
SW (strong-weak) = stress on the �rst syllable; WS (weak-strong) =
stress on the second syllable.

SW (strong-weak) WS (weak-strong) IPA transcription

CAnon[canon] kaNON [cannon] /ka.nOn/
CONtent[content (noun) ] conTENT[content (adjective) ] /kOn.tEnt/
SERvisch[Serbian] serVIES[ tableware] /sEr.vis/
VOORnaam[ �rst name ] voorNAAM[ respectable] /vo:r.na:m/
VOORruit [windshield ] voorUIT [ forward ] /vo:r.flyt/
VOORspel[prelude] voorSPEL[predict] /vo:r.spEl/
VOORtuin[ front garden] forTUIN [ fortune ] /vo:r.tflyn/

We extracted the audio from the videos that did not have any gesture to cre-
ate a stress-ambiguous token for each pair. We set the duration and intensity of
individual syllables at �xed stress-ambiguous values (midway between stressed
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and unstressed) and then interpolated the F0 contours of the recordings linearly
using PSOLA in Praat (Boersma & Weenink, 2024) (ranging from the original
SW recording to the original WS recording, see Figure 3.1). Based on catego-
rization results in a pretest we selected one ambiguous step for each pair, where
participants were about equally likely to choose the SW and the WS response
option (steps 4 from the stress continua in Bujok et al., 2025).

Figure 3.1: Visualization of the F0 stress manipulation for/vo:r.na:m/ : . F0 con-
tours were interpolated in 11 steps to go from SW (green) to WS
(orange). The most ambiguous step, determined by ca. 50% propor-
tion SW responses in a pretest was selected as the ambiguous step in
this study. Together with the original two recordings, it created our
three Audio Conditions (SW, ambiguous, WS; highlighted in bold).
Note: the original recordings (SW & WS) were unmanipulated and
thus also contained clear duration and intensity cues to stress.

The original SW and WS video-recordings from the no-beat gesture videos
were used as they were. The beat gesture stimuli were created by combining the
face and audio from the no-beat videos with the gesturing body from the origi-
nal beat recordings. That manipulation ensured that the only difference between
no-beat and beat trials was the presence of a beat gesture (i.e., no difference in
articulatory cues on the face, or audio). Using Adobe Premiere Pro CC 2018, we
cut out the head and the neck from the videos without a beat gesture and super-
imposed it onto a video of the speaker producing either word of the same item
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(e.g., VOORnaamor voorNAAM) with a beat gesture. By moving the headless
body forward / backward in time we temporally aligned the apex of the beat ges-
ture to vowel onset again. Lastly, a feathered mask seamlessly blended together
both videos (see Figure 3.2). Importantly, for this study we only used stimuli
where the beat gesture alignment was consistent with the visual articulatory
cues on the face (e.g., Beat on 1st+ lips producing � VOORnaam�). This ensured
that there was no con�icting information within the visual modality, and that the
only difference between beat and no-beat trials was the presence or absence of
a beat gesture (i.e., articulatory cues were identical in each comparison). These
co-varying visual stress cues (i.e., beat gesture and facial cues) could either be
congruent (e.g., hearing VOORnaam) or incongruent (e.g., hearing voorNAAM)
with the auditory stress cues.

Figure 3.2: Illustration of the Video Manipulation to create Beat Gesture Items:.
Head from the non-gesture videos (left image) was pasted onto a
video of the speaker producing a beat gesture (middle image) result-
ing in a seamlessly combined stimulus (right picture). Note: greyed-
and whited-out areas only for illustration purposes.

The manipulated ambiguous audio was combined with both the SW (i.e., Beat
on 1st) and WS video (i.e., Beat on 2nd), to create trials with ambiguous au-
dio disambiguated by a beat gesture (and co-varying articulatory cues) as ei-
ther stresses on the �rst or on the second syllable. Since the ambiguous audio
was also manipulated in its duration, it created slight audiovisual asynchronies
(about 40 ms) between the audio and face. To minimize these asynchronies, we
aligned audio and face at the time point of the original second syllable onset.
This also guaranteed that the beat gestures would always be aligned to the cor-
rect syllable and any misalignments would be contained and limited to within
each syllable. This left us with 84 unique items (7 words x 3 auditory steps x 2
trial types (beat vs. no-beat) x 2 video conditions (SW-biasing vs. WS-biasing).
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Note that no-beat trials could be SW- or WS-biasing because of the visual articu-
latory cues on the face. Because of this a comparison between beat and no-beat
trials allowed us to more easily draw conclusions about the beat gesture as it
was the only difference between these trial types.

3.2.3 Design and Procedure

The experiment was run in Presentationfi software (Version 18.0, Neurobehav-
ioral Systems, Inc., Berkeley, CA) and presented on a 24� full HD screen with a
refresh rate of 144 Hz. Audiovisual (AV) stimuli appeared in the center of the
screen as 720 x 720 pixel displays on a white background. Response options were
presented in either corner of the screen (see Figure 3.3). Audio was presented
through high quality headphones (Sennheiser HD 437) at a comfortable volume.
Participants were seated at a distance of approximately 60 cm from the screen
in a soundproof booth. We recorded eye movements with a desktop mounted
EyeLinkfi 1000 Plus (EyeLink1000 Plus, SR Research, Ontario, Canada) at a
sampling rate of 250 Hz. The eye-tracker was set to monitor the participant’s
dominant eye, which was determined before testing for each participant indi-
vidually. A chin and forehead rest were used to stabilize the participant’s head.

The experiment was designed as a four alternative forced choice task (4AFC).
Participants were presented with all 84 unique items, but the ambiguous items
(28), where we expected the greatest bene�t of the beat gesture, were presented
twice, resulting in 112 trials in total. All trial sequences were identical (see Fig-
ure 3.3). On each trial, participants were presented with a 3000 ms preview
of all four response options in the corners of the screen to minimize scanning
behavior of the response options in the critical window when the stimulus was
playing. Then followed a �xation cross for 500 ms, followed by the video stim-
ulus. Participants were instructed to select the word they thought the talker
produced, by clicking on one of the four response options as fast and accurately
as possible. The selected word would then be highlighted in red for 1000 ms,
followed by a blank screen for 500 ms before moving on to the next trial. If par-
ticipants failed to respond within 4000 ms the trial would time out automatically
and the next trial would start.

In order to facilitate fast eye-movements and minimize scanning behavior dur-
ing stimulus presentation, we decided to take a few measures related to the re-
sponse options. First, the horizontal position of the response options was coun-
terbalanced between participants. That is, half of the participants saw all SW
words on the right, and the other half of participants saw them on the left side
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of the screen. Second, the distractors were always segmentally different from
the target and competitor in both syllables. For instance, on trials where the
target and competitor started with /vo:r/ (e.g., VOORnaam- voorNAAM), the
distractors did not start with /vo:r/ (e.g., CAnon - kaNON). The vertical posi-
tion (i.e., whether the target pair was presented on the top half of the screen or
the bottom half of the screen) was fully randomized within participants. Each
word pair was used equally as often as a distractor pair (16 times).

Our labelling of the response options is dependent on the conditions. Gener-
ally, in the SW and WS original Audio Conditions (not in the ambiguous con-
dition), the labels were assigned based on the auditory stress cues, regardless
of the alignment of the beat gesture. This means that when a stimulus with
unambiguous auditory stress (e.g.,VOORnaam) was presented, the labels tar-
get (e.g., VOORnaam) and competitor (e.g., voorNAAM) were determined based
on the auditory stress, even when participants were presented with incongru-
ent beat gestures (e.g.,VOORnaam+ Beat on 2nd). However, for trials with
ambiguous audio one cannot speak of a �correct� target and �incorrect� com-
petitor. Instead, we refer to the stress pattern of the response options. That is,
on a trial with ambiguous audio (e.g., /vo:r.na:m/ ) there would be an SW target
(e.g., VOORnaam) and WS target (e.g., voorNAAM), referring to the segmental,
orthographic target, regardless of the alignment of the beat gesture.

3.2.4 Analysis of Fixations

Data were exported with EyeLink Data Viewer software package (SR Research
Ltd., Version 4.3.1) and further analyzed in R (R Core Team, 2021). For the
analysis of the �xation data, we de�ned �ve areas of interest (see Figure 3.5):
The video as a 720x720 pixel square in the center of the screen, and each corner
of the screen, extending from the edge of the video to the border of the screen
horizontally, and from the center of the screen to the border of the screen verti-
cally. Fixations were counted if they fell within the prede�ned area of interest.
We assumed an average duration of 200 ms for initiating a saccade (see Matin,
Shao, & Boff, 1993) and hence all relevant time windows, related to timings
in the stimuli, were shifted by + 200 ms. We calculated the dependent variable
target preference as the difference of logit transformed proportions of �xations
to target vs. competitor. Hence, a positive difference indicates a preference to
�xate the target (e.g., VOORnaam) over the stress competitor (e.g.,voorNAAM).
For analysis of ambiguous trials with no clear target or competitor, we instead
used SW preference as the dependent variable, calculated as the difference of
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Figure 3.3: Trial Sequence Example:. Each trial progressed in the same sequence.
First participants saw all four response options for a preview of 3000
ms, followed by a �xation cross for 500 ms. Then followed the au-
diovisual stimulus. Participants then had to click on the word they
thought the speaker said as fast as possible. They could respond
while the video was still playing. Eye-movements were recorded
throughout the whole trial.

logit transformed proportions of �xations to the SW target response option vs.
WS target response option. Hence, a positive difference indicates a preference
to �xate the SW target over the WS target.

Data were �rst analyzed with a series of linear mixed effects models in prede-
�ned broad time windows corresponding to syllable 1 and syllable 2. These �rst
analyses were run to assess the presence of an effect in these relevant time win-
dows (e.g., more �xations to target VOORnaamover competitor voorNAAM).
Only if an effect was observed did we determineat what time point the effect
could be reliably detected. For this second analysis we used divergence point
analyses (DPA), which are able to determine the time point at which the emer-
gence of an effect becomes stable and reliably detectable (Ito & Knoeferle, 2023;
Stone, Lago, & Schad, 2021). Moreover, unlike other methods (e.g., growth
curve analysis, cluster-based permutation analysis, bootstrapped differences of
timeseries) this method allows one to compare the onset of an effect across rel-
evant conditions (for review see Ito & Knoeferle, 2023). The DPA determined
a divergence point when participants showed a sustained preferential �xation
bias for at least 200 ms.
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3.3 Results

3.3.1 Categorization Data

We analyzed participants’ behavioral mouse-click responses on all beat trials to
test the effect of beat gesture alignment on lexical stress perception. We used
Generalized Linear Mixed Models, with the categorization responses as the de-
pendent variable (SW coded as 1, e.g.,VOORnaam; WS coded as 0, e.g.,voor-
NAAM). Audio Condition (categorical; SW, WS, ambiguous (on the intercept)),
Beat Alignment (categorical, deviance coded: Beat on 1st as 0.5 and Beat on 2nd
as -0.5) and their interaction were included as predictors. The model also in-
cluded random intercepts for Participants and Items and by-participant random
slopes for all predictors.

When compared to the ambiguous Audio Condition, SW audio was gener-
ally rated as more SW-like (� = 2.823, SE= 0.369, z = 7.644, p < 0.001),
and WS audio was rated as less SW-like (� = � 3.64, SE= 0.494, z = � 7.372,
p < 0.001), con�rming the different stress patterns in the three levels of Au-
dio Condition. Importantly, the effect of Beat Alignment was also signi�cant
( � = 1.405, SE= 0.201, z = 6.979, p < 0.001), and no interaction with ei-
ther SW audio (� = 0.43, SE = 0.465, z = 0.924, p = 0.355) or WS audio
( � = � 0.316, SE= 0.461, z = � 0.685, p = 0.494) was found. That means that
participants generally gave more SW responses when they saw a beat gesture
on the �rst syllable than when they saw a beat gesture on the second syllable
(see Figure 3.4). Releveled models con�rmed that the Beat Alignment effect was
even signi�cant for original SW ( � = 1.835, SE= 0.457, z = 4.013, p < 0.001)
and WS audio (� = 1.09, SE= 0.453, z = 2.406, p = 0.016). This demonstrates
a consistent in�uence of beat gestures on lexical stress perception, even when
auditory stress cues are clear and unambiguous.

A similar analysis was run on no-beat trials, where the predictor Beat Align-
ment was replaced by Face (i.e., articulatory cues). This analysis con�rmed that
different articulatory stress cues on the face did not affect categorization re-
sponses (� = 0.212, SE= 0.145, z = 1.459, p = 0.145) and did not interact with
either SW Audio Condition ( � = � 0.212, SE= 0.451, z = � 0.47, p = 0.639)
or WS Audio Condition ( � = � 0.068, SE= 0.407, z = � 0.167, p = 0.868) (see
Figure 3.4). This demonstrates that the effect of Beat Alignment on beat trials
was driven primarily by beat gestures, and not the co-varying articulatory cues.
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Figure 3.4: Categorization responses.. Participants gave more SW responses when
presented with a beat gesture on the �rst syllable when compared to
seeing a beat gesture on the second syllable. This effect was present
across all audio conditions. When participants were presented with
videos of a talker with articulatory stress cues on the face, but without
a beat gesture, categorization responses were not in�uenced by the
visual articulatory cues (transparent lines). SW= strong-weak, stress
on �rst syllable; WS = weak-strong, stress on second syllable.

3.3.2 Fixation Data

The general �xation pattern across all trials, showing the number of �xations on
every part of the screen suggests that the response options and the face of the
talker were �xated the most (see Figure 3.5). In contrast, it appears that only
relatively few �xations fell on the position of the beat gesture (i.e., bottom left
corner of the video).

We analyzed the �xation data separately for the following three trial types:
Original Audio, Ambiguous Audio, Original Audio - Incongruent Visual Cues. All
data and scripts used for these analyses are publicly available on OSF (https://
osf.io/57dvh/ ). The analyses on the Original Audio assessed whether con-
gruent beat gestures on the stressed syllable would facilitate word recognition
compared to the no-gesture condition as measured by preferential looking be-
havior towards the target (e.g., VOORnaam) vs. stress competitor (voorNAAM).
We assessed this separately for the original SW and original WS words because
of their intrinsic differences in when in time the multisensory stress cues arrived.

https://osf.io/57dvh/
https://osf.io/57dvh/
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Then we analyzed the trials with Ambiguous Audio. In these analyses we
tested whether the alignment of the beat gesture would affect �xation patterns in
an on-line fashion. That is, we tested whether a beat gesture on the �rst syllable
would lead to more �xations to the response option with an SW stress pattern
(i.e., VOORnaam) than to the response option with a WS stress pattern (i.e.,
voorNAAM). For beat gestures aligned to the second syllable we would expect
the opposite �xation bias (i.e., more �xations to voorNAAM). Because the audio
was identical for trials with either beat gesture alignment, all ambiguous trials
were analyzed together. Finally, we analyzed the trials with Original Audio and
incongruent beat gestures, to test if incongruent beat gestures lead to delayed
preferential looking to the auditory target over auditory competitor because of
con�icting visual information. These trials were, like the analyses of trials with
congruent beat gestures, analyzed in separate subsets for SW and WS audio.

The procedure and models for the analyses were similar for all trial types. For
Original Audio (with congruent or incongruent beat), we calculated the propor-
tion of looks based on the �ve interest areas (see Figure 3.5) within two time
windows: the time window of the �rst and second syllable. We then logit trans-
formed the proportion of looks (proportions 0 and 1 remapped to 0.025, 0.975
respectively) to the crucial interest areas of (auditory) target and competitor
and subtracted them from one another to arrive at difference of looks to target
over competitor as the dependent variable. As the predictors, we included Beat
Presence (categorical predictor, dummy-coded: no-beat as 0 and beat as 1), and
Time Window (categorical predictor, deviation-coded: 1st syllable as -0.5 and
2nd syllable as 0.5), and their interaction as predictors. The random effects
structure contained Item and Participant random intercepts and by-Participant
slopes for Beat Presence. Models with more complex random effects structures
failed to converge.

For Ambiguous Audio trials, the dependent variable was the logit transformed
difference of �xations to the SW target (e.g., written VOORnaam) over the WS
target (e.g., written voorNAAM). In addition to the predictors Beat Presence and
Time Window (see above), we also included the predictor Visual Stress (categor-
ical predictor, deviation-coded: Visual Stress on 1st syllable as -0.5 and Visual
Stress on 2nd syllable as 0.5). Note that Visual Stress refers to the articulatory
cues of the face on trials without beat gesture. On trials with beat gesture, Visual
Stress refers to the co-varying articulatory cuesand beat gesture (i.e., aligned to
either the �rst or second syllable). Moreover, we included all interactions of the
predictors. This allowed us to compare the in�uence of beat gestures (on beat
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trials) with the in�uence of articulatory cues on the face (on no-beat trials). The
random effects structure contained Item and Participant random intercepts and
by-Participant slopes for all predictors.

Figure 3.5: Heatmap of the �xation data.. Heatmap of the �xation data across all
participants and trials (left) and screenshot from a trial for compar-
ison (right). Relevant areas of interest drawn in with red rectangles
(around the words) and blue rectangle (around the video in the cen-
ter). Position of the response options and the talker are drawn with
black outlines (left panel). Most �xations within each interest area
were found at the position of the words and the talkers face, but
hardly any at the position of the gestures (i.e., arms, hands, chest).
Note: the color scale of the heatmap is logarithmic.

Original Audio � congruent Beat vs. no Beat

In the �rst set of analyses, we created two subsets (one for original SW words
and one for original WS words) for all trials with congruent auditory information
and visual information (see Figure 3.6). These subsets included no-beat trials
with congruent visual stress information of the face as well as beat trials with
congruent visual information of the face and a congruent beat gesture aligned
to the stressed syllable. The only difference between the no-beat and beat trials
was thus the presence or absence of a beat gesture. Generally, for both SW
audio and WS audio, �xations to the video stimulus in the center decreased
over time already starting from word onset (see Figure 3.6, light blue lines) as
looks to target (green lines) and competitor (orange lines) increased. During the
second syllable, the proportion of �xations to the target seems higher than those
to the competitor. For trials with WS audio the �xation pattern for trials with
congruent beat gestures (solid lines) and trials without beat gestures (dashed
lines) appears similar. The �xation data on trials with SW audio hints at fewer
�xations of the video, and a bit more �xations of the target when a beat trial
rather than a no-beat trial was presented.
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SW Audio The model analyzing �xations on trials with original SW audio showed
an effect of the intercept (� = 1.076, SE= 0.306, t = 3.512, p = 0.002), which
can be interpreted as a general target preference on no-beat trials when con-
sidering the entire target word duration. An effect of Time Window showed
that this target preference was larger in the Time Window of the second syllable
than the �rst syllable ( � = 1.924, SE= 0.318, t = 6.053, p < 0.001). Relev-
elled models revealed that the target preference was only present for the Time
Window of the second syllable (� = 2.038, SE= 0.345, t = 5.905, p < 0.001)
but not �rst syllable ( � = 0.114, SE= 0.345, t = 0.33, p = 0.743). However,
the target preference was not affected by Beat Presence (� = 0.178, SE= 0.296,
t = 0.602, p = 0.551). Hence, participants’ proportions of looks to target vs.
competitor were similar on Beat and no-beat trials when hearing clear acoustic
cues to an SW stress pattern (see Figure 3.6, left panel).

Subsequent Divergence Point Analyses determining the time point of emer-
gence of the target preference reached signi�cance around 610 ms (95% CI
= [560, 700] ) for trials with a beat gesture, compared to 675 ms (95% CI =
[660, 700] ) on no-beat trials. Numerically, participants’ divergence point oc-
curred 65 ms earlier on trials with a beat gesture, but this difference was not
signi�cant ( p = 0.917).

In summary, we �nd that participants used the acoustic cues to stress to suc-
cessfully �xate the SW target word over the WS competitor early in time. How-
ever, we did not �nd reliable statistical evidence that a congruent beat gesture
on the �rst syllable sped up this preferential looking behavior.

WS Audio The results from the WS model showed a similar pattern. There was
a general target preference when considering the entire word duration (� =
1.073, SE = 0.253, t = 4.246, p < 0.001), but no effect of Beat Presence
( � = � 0.109, SE = 0.235, t = � 0.466, p = 0.644), suggesting similar tar-
get preference effects on beat and no-beat trials (see Figure 3.6, right panel).
The effect was larger in the Time Window of the second syllable than the �rst
syllable (� = 1.977, SE = 0.319, t = 6.191, p < 0.001). In fact, relevelled
models showed that the effect was only signi�cant during the second sylla-
ble (� = 2.062, SE = 0.3, t = 6.897, p < 0.001) and not the �rst syllable
( � = 0.085, SE= 0.3, t = 0.283, p = 0.778).

The divergence point of the target �xation preference was at 603 ms (95%
CI = [520, 660] ) for beat trials and 594 ms (95% CI = [500, 700] ) for no-beat
trials, showing no signi�cant difference ( p = 0.669).
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Taken together, this shows that participants’ �xations were guided by acoustic
cues to stress on trials with original WS speech in an on-line manner as the target
preference emerged while the word was still being uttered. We found no reliable
in�uence of additional congruent beat gestures on �xation patterns.

Figure 3.6: Comparison of �xations across time between trials with no beat and
congruent beat with original audio.. Fixation patterns between both
conditions (no-beat vs. beat) were similar. Participants were able
to �xate the target over the competitor well before word offset for
SW and WS words. This effect was signi�cant in the time window
of the second syllable. Divergence points (i.e., reliably detectable
preference for targets over competitors) also fell within the second
syllable (SW audio: no-beat = 675 ms, Beat= 610 ms; WS audio:
no-beat = 594 ms, beat = 603 ms). Note: shaded areas indicate
relevant time windows of analysis. Vertical dashed lines correspond
to word onset, second syllable onset and word offset. All timings
were shifted by 200 ms. Both distractors were averaged and plotted
together. DP = Divergence Point. Error bars show 95% con�dence
intervals.

The analyses on original audio demonstrated participants’ ability to �xate the
target over the competitor well before word offset, replicating a previous audio-
only study (Reinisch et al., 2010). However, on these original trials, there were
clear auditory cues to stress as well as clear visual articulatory cues to stress,
limiting the contribution of the arguably redundant beat gestures. Hence in
the following analysis we focused on trials with ambiguous audio to isolate the
in�uence of the beat gesture, when audio was not informative regarding lexical
stress (see Figure 3.7).

Moreover, in the analysis of the ambiguous trials we could also isolate the
effect of beat gestures from any effects of articulatory cues on the face. That is,
on ambiguous trials without beat gesture, the video stimuli still differed in terms
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of Visual Stress (e.g., lips producing SW word or WS word). On ambiguous
trials with beat gesture, Visual Stress was indicated by beat gesture alignment
(i.e., Beat on 1st and Beat on 2nd) and (congruent) articulatory cues. Hence the
only difference between trials with beat gesture and no beat gesture, was the
presence or absence of a Beat gesture.

Ambiguous audio � Beat gesture alignment

The analysis of ambiguous audio trials revealed no effect of Visual Stress on
no-beat trials (� = 0.008, SE = 0.223, t = 0.035, p = 0.973), meaning that
articulatory cues alone did not affect �xation patterns. Hence, for clarity, the
top left panel of Figure 3.7 shows combined SW and WS articulatory cues (for
extensive plot see Figure 3.9 in Appendix, 3.5). However, there was an interac-
tion of Visual Stress with Beat Presence (� = � 0.718, SE= 0.226, t = � 3.177,
p = 0.002), and a three-way interaction of Visual Stress, Beat Presence, and
Time Window ( � = � 0.97, SE= 0.452, t = � 2.147, p = 0.032).

A relevelled model with the beat trials on the intercept con�rmed that when a
beat gesture was present, Visual Stress (articulatory cues and Beat Alignment) af-
fected �xations signi�cantly ( � = � 0.654, SE= 0.162, t = � 4.043, p < 0.001).
This means that the alignment of the beat gesture affected the SW preference
(see Figure 3.7).

In this relevelled model, the effect of Visual Stress interacted with Time Win-
dow ( � = � 1.242, SE= 0.32, t = � 3.887, p < 0.001). That is, beat gestures
did not affect �xations in the Time Window of the �rst syllable ( � = � 0.033,
SE = 0.229, t = � 0.143, p = 0.887), but only during the second syllable
( � = � 1.274, SE= 0.229, t = � 5.588, p < 0.001). This indicates that in the
second time window, the preference to look at the SW target was smaller when
the beat gesture was aligned to the second syllable than when it was aligned to
the �rst syllable.

Relevelled models showed that when the beat was aligned to the �rst syllable,
participants showed a signi�cant �xation preference for the SW target over the
WS target in the Time Window of the second syllable (� = 0.921, SE= 0.249,
t = 3.695, p < 0.001) (see bottom left panel in Figure 3.7). When the beat ges-
ture was aligned to the second syllable, participants showed a �xation preference
for the WS target over the SW target (i.e., reversed pattern). Note that due to
the later timing of the beat gesture, this last effect only reached signi�cance in
an additional post-hoc model which tested the effect in the Time Window of the
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second syllable+ 200 ms (� = � 0.532, SE= 0.237, t = � 2.242, p = 0.028)
(see bottom right panel in Figure 3.7).

According to a DPA, the divergence point of the �xation preference on trials
with Beat on 1st became signi�cant at 727 ms (95% CI = [680, 780] ), which
is 402 ms after the beat apex (325 ms). The DPA on trials with Beat on 2nd
calculated the divergence point at 988 ms (95% CI = [960, 1000] ), which is
only 14 ms after average word offset at 974 ms, and 380 ms after the apex of
the beat gesture at 608 ms.

In sum, beat gesture alignment (but not articulatory stress cues) affected �xa-
tion preference of the response options. Speci�cally, when the beat was aligned
with the �rst syllable, participants �xated the SW target more than the WS tar-
get while the word was still being uttered. When the beat was aligned with the
second syllable, participants looked at the WS target more than the SW target,
and the preference became reliably detectable around word offset.

Incongruent Stress Cues

Our dataset included trials with incongruently timed beat gestures and thus con-
�icting stress cues. We created two subsets based on the auditory stress cues (SW
and WS) and ran the models separately. These models were identical to those
used for analyzing and comparing no-beat and Congruent Beat trials with origi-
nal audio. We tested whether incongruent beat gestures affected the time-course
of lexical stress perception. Since all trials were incongruent, trials without a
beat gesture still had con�icting articulatory cues (e.g., audio: VOORnaam; vi-
sual articulatory cues: voorNAAM). Given that no effects of articulatory facial
stress cues were found on behavioral categorization data or �xation behavior,
we did not expect effects of incongruent articulatory cues here. In contrast,
beat trials had both incongruent articulatory cues and incongruent beat gesture
alignment. The only difference between beat trials and no-beat trials was the
presence of a beat gesture; thus, any differences observed between beat and
no-beat trials can be interpreted as effects of Beat Presence.

SW Audio & WS Visual Stress The �rst analysis on the subset with auditory
SW stress and incongruent visual stress cues on the second syllable found similar
effects to the congruent trials (see Figure 3.8). Participants generally �xated on
the auditory target over the auditory competitor when considering the entire
word duration ( � = 1.093, SE = 0.225, t = 4.868, p < 0.001). Moreover,
the effect was larger in the Time Window of the second syllable than in the
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Figure 3.7: Fixations across time on trials with ambiguous audio.. When presented
with ambiguous audio without a beat gesture, participants did not
preferentially look to either the SW or WS target word (Note: top
left panel shows a combined plot with SW and WS articulatory cues
for simplicity). When an early beat gesture was present (Beat on 1st
syllable), participants looked signi�cantly more to the SW target than
the WS target in the time window of the second syllable (divergence
point at 727 ms). Late beat gestures (Beat on 2nd syllable) made
participants look more to the WS target than the SW target. How-
ever, the effect was only reliably detectable 14 ms after word offset
(divergence point at 988 ms). Note: shaded areas indicate relevant
time windows of analysis. Vertical dashed lines correspond to word
onset, second syllable onset and word offset. Vertical red line indi-
cates average point of maximum extension of the beat gesture. All
timings were shifted by 200 ms. Both distractors were averaged and
plotted together.

Time Window of the �rst syllable ( � = 2.168, SE = 0.329, t = 6.598, p <
0.001). When the model was relevelled so that the second syllable was on the
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intercept, Beat Presence was close to the threshold of signi�cance (� = � 0.669,
SE= 0.365, t = � 1.835, p = 0.07). Visual inspection con�rmed that the target
preference appeared smaller for beat vs. no-beat trials. A post-hoc model with
an extended Time Window (second syllable+ 200 ms post word offset) found
a signi�cant effect of Beat Presence (� = � 0.716, SE= 0.33, t = � 2.174, p =
0.032), suggesting a smaller auditory target preference when an incongruent
beat gesture was present.

A DPA estimated the divergence point for beat trials at 745 ms (95% CI=
[660, 860] ) and for no-beat trials at 651 ms (95% CI = [600, 700] ). The 94 ms
difference was not statistically signi�cant ( p = 0.8). Although gaze behavior
was not delayed, post-hoc analyses suggest that an incongruently timed beat
gesture decreased the target-over-competitor preference, demonstrating greater
uncertainty in word recognition.

WS Audio & SW Visual Stress The second subset included trials with auditory
WS stress and incongruent visual stress cues on the �rst syllable. The model
revealed the expected auditory target preference over the entire word duration
( � = 1.08, SE = 0.243, t = 4.446, p < 0.001), as well as an effect of Time
Window ( � = 2.216, SE = 0.311, t = 7.115, p < 0.001) (see Figure 3.8).
Similar to the prior analysis, the effect of Beat Presence was not signi�cant in
the Time Window of the second syllable (� = � 0.535, SE= 0.356, t = � 1.501,
p = 0.137). However, in a post-hoc analysis with the extended Time Window
(i.e., second syllable+ 200 ms), Beat Presence signi�cantly affected preferential
�xations ( � = � 0.744, SE= 0.342, t = � 2.176, p = 0.033). This indicates that
the auditory target preference was smaller for beat trials (with incongruent beat
gesture) than no-beat trials.

The divergence point for beat trials was found at 686 ms (95% CI= [640, 740] )
and for no-beat trials at 610 ms (95% CI = [560, 660] ). The difference was not
signi�cant ( p = 0.986). Thus, although the time point of the effect was not sig-
ni�cantly delayed, a decreased target-over-competitor preference was observed
in the proportion of looks in an extended time window, suggesting greater un-
certainty.

3.4 General Discussion

The current study investigated the use of auditory and visual beat gesture cues in
the perception of lexical stress, and the time-course of their effects. Our catego-
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Figure 3.8: Comparison of �xations across time between no-beat trials and trials
with incongruent beat.. Participants looked at the target more than
the competitor in the time window of the second syllable. How-
ever, when an incongruent Beat was presented, the effect was smaller
when compared to no-beat trials. divergence points on trials with an
incongruent beat gestures were numerically later but the effect was
not signi�cant (SW audio: no Beat = 651 ms, Beat on 2nd = 745
ms; WS audio: no Beat= 610 ms, Beat on 1st= 686 ms). Note:
shaded areas indicate relevant time windows of analysis. Vertical
dashed lines correspond to word onset, second syllable onset and
word offset. All timings were shifted by 200 ms. Both distractors
were averaged and plotted together. DP= Divergence Point.

rization data con�rmed that the alignment of beat gestures to the speech input
affected lexical stress perception. When presented with a beat gesture aligned to
the �rst syllable, participants were more likely to perceive stress on the �rst syl-
lable and when hearing the exact same speech but with a beat gesture aligned
to the second syllable, participants were more likely to perceive stress on the
second syllable. In contrast, no evidence was found that visual articulatory cues
on the face affected categorization responses. Whether participants saw a video
of a talker visually producing a SW word or WS word, they perceived it simi-
larly, even when the audio was ambiguous. This is in line with a previous study
which found no effects of visual articulatory cues on audiovisual lexical stress
perception (Bujok et al., 2025).

In contrast, the effect of beat gesture alignment on lexical stress perception �
as observed here � has been consistently demonstrated by several earlier stud-
ies (Bosker & Peeters, 2021; Bujok et al., 2025; Rohrer, Bujok, van Maastricht,
& Bosker, 2025). Note that the effect was present in all audio conditions, so
even when the audio was unambiguous and the beat gestures hence redundant,
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but the effect was numerically largest when speech was most ambiguous. Other
studies similarly report the largest beat effects when the speech is most ambigu-
ous (Bujok et al., 2025; Rohrer et al., 2025), although one does not (Bosker &
Peeters, 2021). It is thus likely that the effect of the beat gestures on lexical
stress perception is moderated by the auditory properties of the stimuli.

Turning to participants’ �xations within the video stimuli, as shown in Figure
3.5, most looks within this area were focused on the talker’s face, corroborat-
ing earlier work using gesture videos (Gullberg & Holmqvist, 1999, 2006) and
only relatively few looks fell on the gestural space (i.e., where the beat gesture
was produced). Yet, we still found consistent biasing effects of the beat gesture
alignment on lexical stress perception. Beat gestures appear to affect speech
perception even when only viewed in the visual periphery. This is in line with
previous research �nding no reduced uptake of gesture information when ges-
tures were not �xated but seen peripherally (Gullberg & Kita, 2009).

Our analyses of �xations on the various response options �rst assessed the up-
take of auditory stress cues. Thus, we aimed to replicate earlier studies (Jesse
et al., 2017; Reinisch et al., 2010), but this time using audiovisual videos as
stimuli. Results revealed that participants began to show preferential �xations
to target over competitor before word offset. This means that auditory lexical
stress cues were tracked continuously and affected lexical access in an on-line
fashion. Previous studies using audio-only stimuli have reported similar �ndings
(Jesse et al., 2017; Reinisch et al., 2010) but there are also some differences.
These studies used stimuli which overlapped only in the �rst two syllables (e.g.,
OCtopusvs. okTOber), and found that participants used the lexical stress infor-
mation on the �rst two segmentally identical syllables for on-line word recog-
nition. Speci�cally, they found that the target preference emerged earliest for
words with word-initial stress (e.g., OCtopus; compared to medial stress posi-
tion, e.g., okTOber). The authors concluded that the presence of stress cues on
the �rst syllable (e.g., OC-) is likely more informative than the absence of stress
(e.g., oc-).

In contrast, our results did not show earlier divergence points for SW original
audio than WS original audio. Judging from the divergence points, we see that
this lack of difference is driven in part by an early target preference in trials
with the WS original audio. Perhaps participants realized the critical role of
lexical stress for our minimal pair stimuli (in contrast to the stimuli used by
Reinisch et al., 2010) and hence used the absence of stress cues (i.e., on the �rst
syllable in WS trials) to guide their word recognition as early as the presence of
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stress cues (i.e., on the �rst syllable in SW trials). However, we also see that the
target preference in trials with SW original audio is relatively late compared to
earlier studies. This may be attributed to the use of audiovisual stimuli in our
study. The attention-grabbing videos may have delayed looks to the response
options in general (compared to audio-only stimuli), making it dif�cult to �nd
a statistically reliable target preference early in the word in original SW trials.
Still, even with audiovisual stimuli, we arrive at the same main conclusion as
previous studies (Jesse et al., 2017; Reinisch et al., 2010), namely that auditory
lexical stress affects lexical access on-line.

Crucially, the present study found that simple up-and-down beat gestures can
guide on-line word recognition as well. When exposed to ambiguously stressed
audio, paired with a disambiguating beat gesture (e.g., Beat on 1st syllable),
participants began to preferentially �xate the word with the stress pattern indi-
cated by the beat gesture (e.g., SW word) even before the talker �nished speak-
ing. This is in line with the categorization data, where participants showed the
same gesture-driven bias. Importantly, the �xation data showed that the effect
of early beat gestures (i.e., on the �rst syllable) could be detected well before
word offset, highlighting their on-line contribution to lexical access. When par-
ticipants saw a late beat gesture (i.e. on the second syllable), we detected a
statistically reliable preference for the WS over SW words around word offset,
suggesting that the �xations to WS and SW words already started to diverge
before word offset. Moreover, the time interval between the beat gesture apex
and the divergence point was similar for beat gestures on the �rst ( 402 ms) and
second syllable ( 380 ms) at around 400 ms. Together, our data support the view
that beat gestures can be used in an on-line manner, guiding lexical access as a
spoken word unfolds over time. These observations argue against possible ex-
planations that beat gestures are only used in relatively late task-related decision
making.

Given the fact that the onset of beat gestures can precede the onset of the
stressed syllable by approximately 300 ms (Leonard & Cummins, 2011), one
might have expected even earlier biasing effects of the beat gestures. How-
ever, we posit that participants focused mostly on the timing of the apex of the
beat gesture, as it is the least variable and most informative part of the gesture
(Leonard & Cummins, 2011). Moreover, the divergence point is only a mea-
sure of when the divergence isstatistically detectable. Importantly, the DPA we
used required a sustained preference of �xations of at least 200 ms to establish
a divergence point, which might have been relatively conservative to �nd small
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differences in timing. In fact, visual inspection of the results of trials with am-
biguous audio suggests a possibly earlier effect. Furthermore, the ambiguous
audio might have added uncertainty about the �correct� response, which is re-
�ected in relatively small differences in the proportions of looks to SW target
and WS target. This uncertainty could also have delayed the point at which the
divergence was reliably detectable. Still, the present study can conclude that
beat gestures affect on-line lexical access, highlighting how both auditory and
visual stress cues can be used in incremental word recognition.

Furthermore, additional analyses on trials with original audio (i.e., unam-
biguous stress cues) and incongruent (i.e., misaligned) beat gestures revealed
reduced looks to the auditory target when compared to trials without beat ges-
tures. This supports the behavioral data that showed that even when audio had
a clear stress pattern, incongruent beat gestures signi�cantly affected responses
in the other direction (i.e., opposite to the auditory stress pattern). That means
that even on trials where categorization based on audio was suf�cient, incon-
gruent visual cues still affected on-line lexical activation. This �nding suggests
that stress information conveyed by the temporal alignment of beat gestures
is dif�cult to ignore and can even affect the processing of clear, unambiguous
speech. Still, when participants were presented with original audio and congru-
entbeat gestures, beat gestures did not change �xation behavior when compared
to no-beat trials. That is, we found no facilitatory, let alone a predictive effect
of beat gestures on word recognition when speech was clear. However, some
electrophysiological studies (Biau & Soto-Faraco, 2013, 2015; Biau et al., 2015)
have found that beat gestures induce early phase-resetting of brain oscillations
associated with the prediction of the timing of words (Arnal & Giraud, 2012).
Therefore, while beat gestures congruently timed with clear acoustic stress cues
might not further facilitate lexical stress perception, they still have an important
function in word recognition in a larger context, predicting the onset of upcom-
ing words.

Another consideration is that participants’ ability to perceive lexical stress in
clear, unambiguous audio might have already been at ceiling making it dif�-
cult to detect a small facilitatory effect of congruently timed beat gestures. Yet
most speech isn’t as clear as in a lab-based setting. In many conversational set-
tings, the auditory signal is less accessible, for instance through masking by back-
ground noise. In such scenarios, speech perception is not at ceiling and visual
processing is enhanced (e.g., Drijvers et al., 2019; Drijvers & Özyürek, 2017,
2019). For example, degrading speech with noise could make participants more
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likely to weight the salient beat gesture more heavily, which could enhance pre-
diction of the stressed syllable based on said beat gesture (Biau & Soto-Faraco,
2013, 2015; Biau et al., 2015) and reveal facilitatory effects of congruently timed
beat gestures. Indeed, the emergence of the target preference effect in lexical
stress perception was numerically earlier on trials with original SW words and
congruent beat gestures (i.e., Beat on 1st) when compared to no-beat trials, and
numerically later on trials with original audio and incongruent beat gestures.
Thus, testing this effect in degraded speech could be very informative.

Although the present study was not designed to test any speci�c models of
speech perception, our �ndings have implications for such models. Current
models of audiovisual speech perception (e.g., the Fuzzy Logic Model of Per-
ception (see Massaro, 1998); the Supramodal Brain (Rosenblum et al., 2017))
were primarily designed to explain segmental speech perception from �talking
faces� (Massaro, 1998), and thus do not make predictions about prosody and
gestures. The outcomes of our study therefore warrant extension of such mod-
els to include suprasegmental speech cues as well as non-articulatory visual cues,
such as gestures. Still, they do make predictions about the timing of audiovisual
integration. Some models, for example the Fuzzy Logic Model of Perception
(FLMP; see Massaro, 1998), assume that visual and auditory information are
identi�ed separately and matched to learned prototypes in parallel (e.g., how
much a phoneme matches an abstract prototype representation) before they are
integrated into one multisensory percept. In contrast, the Supramodal Brain
(Rosenblum et al., 2017) is a model that assumes that the multisensory speech
cues that we perceive are not tied to a speci�c modality and are thus processed
supramodally. It would suggest that a beat gesture is not processed indepen-
dently as a visual cue alone but rather together with the auditory (and other
multimodal) cues. Hence the main difference between these two models is the
timing of the integration of information from different modalities. The FLMP
proposes a rather late integration stage, whereas the Supramodal Brain assumes
early integration. From the �ndings of the current study, we cannot make con-
clusive statements about early vs. late integration. However, we can conclude
that integration must be fast and continuous, since we clearly �nd effects while
the word is still being uttered. In other words, audiovisual integration must
occur on a smaller temporal level than the word-level.

In conclusion, listeners can use relevant auditory and visual cues to make quick
and accurate decisions about word prosody and guide word recognition. Cru-
cially, the alignment of simple hand gestures with speech can affect word recog-
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nition immediately, even before a word has been fully uttered. This supports the
idea that beat gestures do not only affect later task-related decision making, but
are processed quickly and continuously during audiovisual speech perception.
Together these �ndings highlight the inherent multimodality of speech percep-
tion in face-to-face communication.
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3.5 Appendix

Figure 3.9: Fixations across time on trials with ambiguous audio.. When presented
with ambiguous audio without a beat gesture, participants did not
preferentially look to either the SW or WS target word (top row).
When an early beat gesture was present (Beat on 1st syllable), partic-
ipants looked signi�cantly more to the SW target than the WS target
in the time window of the second syllable (Divergence Point at 727
ms). Late beat gestures (Beat on 2nd syllable) made participants look
more to the WS target than the SW target. However, the effect was
only reliably detectable 14 ms after word offset (Divergence Point
at 988 ms). Note: shaded areas indicate relevant time windows of
analysis. Vertical dashed lines correspond to word onset, second syl-
lable onset and word offset. Vertical red line indicates average point
of maximum extension of the beat gesture. All timings were shifted
by 200 ms. Both distractors were averaged and plotted together.





4 j Beating stress: evidence for recalibration of

word stress perception

Abstract

Speech is inherently variable, requiring listeners to apply adaptation mecha-
nisms to deal with the variability. A proposed perceptual adaptation mechanism
is recalibration, whereby listeners learn to adjust cognitive representations of
speech sounds based on disambiguating contextual information. Most studies
on the role of recalibration in speech perception have focused on variability in
particular speech segments (e.g., consonants/ vowels), and speech has mostly
been studied with a focus on talking heads. However, speech is often accompa-
nied by visual bodily signals like hand gestures and is thus multimodal. More-
over, variability in speech extends beyond segmental aspects alone and also af-
fects prosodic aspects, like lexical stress. We currently do not understand well
how listeners adjust their representations of lexical stress patterns to different
speakers. In four experiments, we investigated recalibration of lexical stress
perception, driven by lexico-orthographical information (Experiment 1) and by
manual beat gestures (Experiments 2-4). Across experiments, we observed that
these two types of disambiguating information (presented in an audiovisual ex-
posure phase) led listeners to adjust their representations of lexical stress, with
lasting consequences for subsequent spoken word recognition (in an audio-only
test phase). However, evidence for generalization of this recalibration to new
words was only found in the third experiment, suggesting that generalization is
highly sensitive to the stimuli and the experimental design used. These results
highlight that recalibration is a plausible mechanism for suprasegmental speech
adaption in everyday communication and show that even the timing of simple
hand gestures can have a lasting effect on auditory speech perception.
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4.1 Introduction

Speech produced by different speakers can vary a lot in terms of actual real-
ization. The same word can sound very different depending on who is produc-
ing it. This variation poses a problem for our speech perception system tasked
with accurately determining what is being said. Listeners must adapt to differ-
ent speakers and their speci�c ways of producing speech. One of the ways to
achieve this is by adjusting perceptual category boundaries (e.g., for individ-
ual speech sounds) to accommodate the speaker’s way of speaking (for review
see Ullas, Bonte, Formisano, & Vroomen, 2022). This process is known asre-
calibration (e.g., Bertelson, Vroomen, & de Gelder, 2003; Norris, McQueen, &
Cutler, 2003). Spoken utterances, however, typically combine segmental with
suprasegmental information, such as lexical stress patterns and prosodic con-
tours (for review see Cutler, 2008), which also vary in their realization (e.g.,
Severijnen et al., 2024; Xie et al., 2021), necessitating some form of adaptation
(e.g., recalibration) to suprasegmental variability as well. Critically, in many
conversations we can see the speaker, allowing us to use spoken auditory in-
formation and visual information, for instance via co-speech hand gestures, to
derive what the speaker intends to convey (Holler & Levinson, 2019; Kita &
Özyürek, 2003; McNeill, 2008; P. Wagner, Malisz, & Kopp, 2014). We do not yet
fully understand whether and how suprasegmental information is recalibrated,
and how in this process spoken and manual sources of information may jointly
play a role. This study therefore aims to test whether listeners can recalibrate
their perception of suprasegmental information, speci�cally lexical stress, when
perceiving multimodal messages.

Recalibration is a domain-general perceptual mechanism (e.g., Noppeney,
2021) that serves to achieve perceptual constancy in the perceiver despite vari-
ability in the input. It has been observed in color perception (Mitterer & de
Ruiter, 2008), auditory spatial localization (Radeau & Bertelson, 1974), au-
diovisual synchrony perception (Fujisaki, Shimojo, Kashino, & Nishida, 2004;
Vroomen, Keetels, de Gelder, & Bertelson, 2004), and spoken word recognition
(Bertelson et al., 2003; Norris et al., 2003). In the last-mentioned �eld, it has
been proposed that listeners use recalibration to deal with variability in speech.
If, for example, someone hears an ambiguous fricative, lying in between an/ f/
and / s/ , they can learn to interpret the ambiguous fricative as either an / f/
or / s/ depending on disambiguating information (Norris et al., 2003). For in-
stance, when participants are repeatedly presented with the ambiguous fricative
in a lexical context that disambiguates the sound as an/ f/ (e.g., by hearing it in
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the word �gira?�), they can learn to categorize the sound as / f/ . In contrast, in
an / s/ -biasing context (e.g., hearing it in the word �platypu?�), they learn to cat-
egorize the same sound as/ s/ . Crucially, studies show that even in a subsequent
test phase without any disambiguating lexical information, people still catego-
rize the ambiguous sound as either/ f/ or / s/ depending on the biasing context
they had been exposed to earlier (Norris et al., 2003). Recalibration is believed
to involve changes in the perceptual boundaries of abstract phoneme represen-
tations, such that the initially ambiguous fricative is considered an acceptable
token of / f/ (after exposure to / gira?/ ) or / s/ (after exposure to / platypu?/ )
(Kleinschmidt & Jaeger, 2015; Xie, Jaeger, & Kurumada, 2023).

Studies have found recalibration effects in word recognition driven by vari-
ous types of disambiguating information, including lexical (Norris et al., 2003),
semantic (Jesse, 2019), lexico-orthographic (Bosker, 2022; Keetels, Schakel,
Bonte, & Vroomen, 2016), and visual articulatory cues (Bertelson et al., 2003).
For instance, when repeatedly exposed to an ambiguous sound between a/ b/
and / d/ together with a video of the speaker’s face producing either a visual
/ b/ or / d/ (i.e., lips closing vs. tongue touching alveolar ridge), participants
recalibrated their perception of the ambiguous sound. That is, participants who
saw a visual / b/ were more likely to perceive the ambiguous sound as a/ b/ in
a later audio-only test phase than participants who had seen a visual/ d/ . The
participants’ perception of the same auditory stimulus changed based on the dis-
ambiguating visual information provided earlier (Bertelson et al., 2003). This
observation has been taken as evidence for participants forming abstract rep-
resentations of speech sounds, recalibrating their perception of different cues
based on disambiguating context, and then using the recalibrated representa-
tions to comprehend a speaker on following occasions, even in the absence of
disambiguating cues.

However, speech can differ between speakers in many more ways than just
the segments. Indeed, speech can also differ in its prosodic properties, such
as speech rate (Maslowski et al., 2019b) and lexical stress (Severijnen, Bosker,
Piai, & McQueen, 2021). Prosodic information can play a signi�cant role in word
recognition. In some languages including Dutch, which is studied here, lexical
stress is contrastive, meaning that there are instances where lexical stress is the
only cue differentiating two segmentally identical words (e.g., Dutch VOORnaam
[ �rst name ] vs. voorNAAM[ respectable] ; /’vo:r.na:m/ ). In these instances, lex-
ical stress is crucial to understand which word the speaker means. Just like
segmental variation, the production of lexical stress can vary signi�cantly be-
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tween speakers (e.g., Severijnen et al., 2024). It can be conveyed by various
acoustic cues such as fundamental frequency (F0), duration and intensity (Ri-
etveld & Heuven, 2009), and different speakers use these cues differently and
to varying degrees (Severijnen et al., 2024). Therefore, the variability problem
introduced above extends to suprasegmental aspects of speech. Hence, people
might bene�t from adaptation to different prosodic realizations of speech.

Previous studies have found recalibration of prosodic aspects of speech includ-
ing lexical tone in Mandarin (Mitterer et al., 2011), sentence-level intonation
in English (Kurumada, Brown, & Tanenhaus, 2012), and vocal affect (Baart &
Vroomen, 2018). One study has found that recalibration of lexical stress per-
ception is also possible (Bosker, 2022). Participants in that study listened to
ambiguously stressed stimuli from a lexical stress continuum of a single Dutch
minimal pair ( CAnon [canon] & kaNON [cannon] ; /ka.nOn/ ). One group of
participants listened to the ambiguous stimuli with a concurrent orthographic
word form presented on a computer screen indicating stress on the �rst sylla-
ble (strong-weak; SW, e.g.,CAnon). Another group heard the same ambiguous
speech while seeing an orthographic word form indicating stress on the sec-
ond syllable (weak-strong; WS, e.g.,kaNON). It was observed that participants
learned to associate the ambiguous acoustic properties of the stimuli with either
a strong-weak or weak-strong lexical stress pattern. That is, in a later test phase,
they were instructed to categorize words taken from a lexical stress continuum of
the same word pair (CAnon� kaNON) as either strong-weak or weak-strong. Cru-
cially the test phase was audio-only; that is, no disambiguation by orthographic
forms on screen was provided. The group that had listened to the stimuli while
seeing the SW orthographic form on screen in exposure categorized the entire
continuum as more SW-like in the test phase (i.e., gave a higher proportion SW
responses) than the group that had listened to the same stimuli while seeing the
WS orthographic form on screen in exposure (Bosker, 2022).

Moreover, the same study also found evidence for generalization of the recal-
ibration acquired during exposure to novel word items at test. That is, when
new participants were presented with a segmentally different stress continuum
(SERvisch[Serbian] � serVIES[crockery] ) in exposure, they too perceived the
sameCAnon � kaNON continuum at test as either more SW-like or WS-like de-
pending on whether the disambiguating orthographic form in exposure indicated
SW or WS stress, respectively. This could indicate that participants do not only
learn stress patterns on a word-by-word basis, but that their changed perception
of lexical stress can be generalized and applied to different words.
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Importantly, however, Bosker (2022) used highly arti�cial speech continua in
the experiment. Duration and intensity for each syllable were set to averaged,
ambiguous values. Moreover, the original F0 (fundamental frequency) contours
of the recorded speech were removed and replaced by arti�cial linear downward
slopes for each syllable with its mean F0 height varying across the continuum.
That is, the SW word had a relatively high mean F0 on the �rst syllable and a
relatively low mean F0 on the second syllable. In contrast, the WS word had
a relatively low mean F0 on the �rst syllable and a relatively high mean F0 on
the second syllable. For the ambiguous steps, the mean F0 for the syllables was
gradually lowered or raised to create the continuum. Most critically, this arti�-
cial F0 manipulation was then applied to both word pairs (i.e., same F0 values
and contours in the canon- kanon continuum as in the Servisch- serviescontin-
uum). Hence, participants in Bosker (2022) demonstrated evidence of generaliz-
ing their recalibration effect to a segmentally different continuum with different
ambiguous durations and intensities, but identical step-like F0 contours. This
means that the generalization effect found in Bosker (2022) does not necessar-
ily re�ect an adaptation of abstract representations of stress patterns but could
also re�ect an adaptation to speci�c F0 values. Hence, one goal of the present
study was to assess whether recalibration and generalization are also possible
with more naturalistic F0 contours and thus more acoustic distance between the
words.

The second and most central goal of the current study was to assess whether
listeners can use visual information, such as manual beat gestures (see below),
to recalibrate perception of suprasegmental aspects of speech such as lexical
stress. While the production of lexical stress is less clearly associated with vi-
sual articulatory cues than certain speech segments (e.g., salient mouth closing
when producing a / b/ ), it nevertheless has visual correlates such as the typi-
cally wider and longer mouth opening on stressed syllables (Scarborough et al.,
2009). These articulatory cues are visible and used by participants to categorize
�talking faces� (i.e., muted videos) producing different stress patterns (Bujok et
al., 2025; Jesse & McQueen, 2014; Scarborough et al., 2009). However, when
presented with audiovisual (AV) stimuli, the same visual articulatory informa-
tion indicating stress does not seem to strongly affect audiovisual perception
(Bujok et al., 2025). That is, the same sound, paired with either a face articu-
lating stress on the �rst or second syllable, was perceived similarly in a previous
study (Bujok et al., 2025). Similar �ndings have also been reported regarding
Mandarin tone perception (Han, Goudbeek, Mos, & Swerts, 2020), where avail-
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able visual cues are not being used in audiovisual perception. Therefore, it is
unlikely that facial articulatory cues to stress, which do not even appear to be
used in on-line audiovisual stress perception, could drive recalibration.

In contrast, other visual cues could be used to recalibrate the perception of
lexical stress. Hand gestures are commonly produced in face-to-face conversa-
tions and have been shown to affect spoken word recognition, particularly in
noisy settings (Drijvers et al., 2019; Drijvers & Özyürek, 2017, 2019). One par-
ticular kind of hand gestures, so-called beat gestures, mainly de�ned as simple
bi-phasic up-and-down movements of the hands, tend to align with acoustically
prominent parts of utterances (Krahmer & Swerts, 2007). Speci�cally, the point
of maximum extension of the beat gesture, the so-called apex, is strongly tem-
porally related with pitch accent (Leonard & Cummins, 2011) and affects the
acoustic realization of the pitch accent as well (Krahmer & Swerts, 2007; Pouw
et al., 2020; Swerts & Krahmer, 2007), making the accented utterance even more
prominent (Krahmer & Swerts, 2007). Beat gestures have been found to help lis-
teners focus their attention on important information (Biau & Soto-Faraco, 2013,
2015) and to increase processing of the focused words (Dimitrova et al., 2016).
Moreover, beat gestures boost memory recall of the words they are aligned with
(Kushch & Prieto, 2016). However, we do not know whether listeners make use
of the information provided by beat gestures for suprasegmental recalibration
purposes.

On the word level, the apex of a beat gesture is usually temporally aligned
to the F0 peak of a stressed syllable in free-stress languages like English and
Dutch (Leonard & Cummins, 2011; Shattuck-Hufnagel & Ren, 2018). As such,
listeners can take advantage of this close temporal link and use it in lexical stress
perception. That is, people are more likely to perceive stress on a syllable when a
beat gesture is aligned to it. For instance, when Dutch participants hear tokens
from a lexical stress continuum of /ka.nOn/ (ranging from CAnon to kaNON)
with a beat gesture on the �rst syllable, they are more likely to report perceiving
CAnon rather than kaNON (Bosker & Peeters, 2021; Bujok et al., 2025). This
effect is robust across several different word pairs and different phonetic con-
tinua (Bosker & Peeters, 2021; Bujok et al., 2025), and has been demonstrated
in Dutch (Bosker & Peeters, 2021; Bujok et al., 2025) and Spanish (Rohrer et
al., 2025). Moreover, it has also been reliably found both in a short 10-minute
study (Maran & Bosker, 2024) as well as across multiple sessions more than 1.5
years apart (Cos, Bujok, & Bosker, 2024).
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Given this effect, we hypothesized that the temporal alignment of beat ges-
tures with speech could be a cue for recalibration of lexical stress, in analogy to
how a talking face can recalibrate the perception of a/ b/ - / d/ continuum (Ber-
telson et al., 2003). Essentially, we asked whether the effect of beat gestures goes
beyond the immediate effect of disambiguating an ambiguously stressed word
(Bosker & Peeters, 2021) and would lead to lasting changes in speech percep-
tion. Finding evidence for a recalibration effect driven by beat gestures would
extend current models of recalibration (Kleinschmidt & Jaeger, 2015; Xie et al.,
2023) to include visual cues beyond articulation (Bertelson et al., 2003) and
lexico-orthographical information (Bosker, 2022). Such evidence would be con-
sistent with multimodal frameworks of spoken language comprehension (Holler
& Levinson, 2019; Özyürek, 2014).

In four behavioral experiments, we tested participants’ ability to recalibrate
their perception of lexical stress in a speci�c word, as well as their ability to
generalize recalibration to a novel item. In the �rst three experiments we used
a similar experimental design as Bosker (2022), which was based on classic ex-
periments on lexical recalibration (Norris et al., 2003). We �rst targeted re-
calibration guided by disambiguating written word forms (Experiment 1) and
then targeted � for the �rst time � recalibration guided by beat gestures (Exper-
iments 2-4). Thus, in the �rst experiment, we adopted a paradigm similar to
Bosker (2022), testing recalibration of the perception of lexical stress by written
information. Critically, we used different stimuli, with more naturalistic pho-
netic stress continua based on the original F0 contours. Consequently, the F0
contours for the two minimal word pairs (used to test generalization of recali-
bration to new words) were distinct. This arguably makes �nding evidence for
generalization more dif�cult but it does better re�ect naturalistic spoken com-
munication, where every F0 contour is unique. In the second and third experi-
ment, we used the same auditory stimuli and a similar experimental paradigm
but tested whether the recalibration of lexical stress perception could be driven
by the temporal alignment between spoken words and visual beat gestures. Fi-
nally, the fourth experiment used an experimental design inspired by previous
studies on visually-guided recalibration (see Bertelson et al., 2003), to test for
the presence of recalibration in the absence of other potential adaptation mech-
anisms.
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4.2 Experiment 1 - recalibration driven by words

on screen

The �rst experiment was a conceptual replication of Bosker (2022), but with
different stimuli to test whether recalibration effects can be found with more
naturalistic stimuli. We expected to replicate the original recalibration �ndings
in the Recalibration Condition (i.e., when participants are tested on the same
word pair they were exposed to; note this was labeled the Segmental Overlap
condition in Bosker (2022)). However, given our more variable and naturalistic
phonetic continua, we were not certain about the generalization of the effect to
different words. If the generalization effect found by Bosker (2022) was at least
in part driven by the arti�cial and identical F0 continua between the word pairs,
we should not �nd a generalization effect with more naturalistic stimuli. On the
other hand, �nding a generalization effect here would provide strong evidence
that listeners are in fact able to generalize recalibration to different words with
similar, but not identical, stress cues.

4.2.1 Method

Participants

All participants tested in this study gave informed consent as approved by the
Ethics Committee of the Social Sciences department of Radboud University (project
code: ECSW-2019-019). Only participants who reported no hearing or language
de�cit and normal or corrected-to-normal vision participated. Participants were
�nancially compensated for their participation. We recruited unique samples of
participants for each experiment. For Experiment 1 we tested 72 native speak-
ers of Dutch (59 female, 13 male), recruited from the Max Planck Institute for
Psycholinguistics participant database. Their median age was 24 (SD= 3.67,
range = 18 � 36).

Materials

Materials for this experiment were adopted from previous experiments (Bujok et
al., 2025). Two disyllabic, segmentally identical minimal stress pairs of Dutch,
which only differed in the position of lexical stress, were chosen (CAnon[canon]
vs. kaNON [cannon] ; VOORnaam[ �rst name ] vs. voorNAAM[ respectable] ; cap-
itals indicate lexical stress). We recorded high-de�nition videos of a male native
speaker of Dutch (i.e., the last author), while he was sitting down, producing
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these words naturally without any manual gesture. The audio sampling rate
was 48 kHz.

A lexical stress continuum was created by measuring the F0 contours of the
original recordings and then linearly interpolating between the contours in 11
steps (ranging from the original SW recording to the original WS recording, see
Figure 4.1). For each pair we set the duration and intensity of each syllable
to the average, ambiguous values (i.e., midway between stressed/ unstressed)
based on the original recordings. Duration and intensity were kept constant at
these ambiguous values across the entire continuum (for overview of duration
and intensity values see Table 4.5 in Appendix, 4.7) The interpolated F0 contours
were then applied to the SW token using PSOLA in Praat (Boersma, 2006). Note
that this contrasts with the continuum manipulation in Bosker (2022), where
F0 contours on either syllable always involved linear downward slopes, only
varying in mean F0 height, removing any sign of the original contours. Another
consequence of these arti�cial manipulations in Bosker (2022) was that both
continua were identical with regards to F0. In contrast, our more naturalistic
contour interpolation method entailed that every manipulated stimulus had a
unique F0 contour.

The manipulated 11-step continua were presented to 10 participants (who did
not participate in any of the experiments) in a pretest in a two-alternative-forced-
choice (2AFC) task, where they had to categorize the words as either SW or WS.
Based on the categorization results, we selected �ve perceptually ambiguous
steps for each pair, which ranged between 80% and 20% SW responses, to create
a perceptual continuum. Together with the original tokens, this resulted in a 7-
step continuum. Step 1 thus refers to the original SW token, and step 7 to the
original WS token. The �ve steps in between (steps 2 � 6), with varying degrees
of ambiguity, will be referred to as ambiguous steps. The middle step (step 4)
was the most ambiguous, lying closest to 50% SW categorization responses.

Design and Procedure

Data for all experiments reported here were collected online using the Gorilla
Experiment Builder (http://gorilla.sc ; Anwyl-Irvine et al., 2020). Par-
ticipants had to complete a headphone screening prior to the experiments, to
ensure usage of high quality headphones (based on Huggins Pitch, see Milne
et al., 2021). We adopted the design used by Bosker (2022), consisting of two
phases: an exposure phase and a test phase. In the exposure phase, partici-
pants were assigned to one of two conditions: The Recalibration Condition or

http://gorilla.sc
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Figure 4.1: Visualization of the F0 stress manipulation for/vo:r.na:m/ (left panel)
and /ka.nOn/ (right panel): . F0 contours were interpolated in 11
steps to go from SW (green) to WS (orange). Five manipulated steps
were selected and presented with the original SW and WS recordings
as a perceptual 7-step continuum. The extremes of the continua and
the perceptually most ambiguous step are highlighted in bold. Note:
the most ambiguous step was determined as most ambiguous in a
perceptual pretest and labeled step 4 in the �nal 7-step continuum.

the Generalization Condition. These conditions were identical in their proce-
dure, but differed in the items presented during exposure (see Table 4.1). Note
that the Generalization Condition still tested recalibration, albeit generalization
of recalibration to segmentally different words.

Table 4.1:Overview of the Design of Experiment 1: Conditions and Stimuli Pre-
sented

Condition Group Bias Exposure (AV) Test (A-only)
Audio Video

Recalibration
SW Bias amb. /ka.nOn/ (step 4) CAnon

/ka.nOn/ - continuum (steps 2 � 6)

WS /ka.nOn/ (step 7) kaNON

WS Bias amb. /ka.nOn/ (step 4) kaNON
SW /ka.nOn/ (step 1) CAnon

Generalization
SW Bias amb. /vo:r.na:m/ (step 4) VOORnaam

WS /vo:r.na:m/ (step 7) voorNAAM

WS Bias amb. /vo:r.na:m/ (step 4) voorNAAM
SW /vo:r.na:m/ (step 1) VOORnaam

In the Recalibration Condition, participants were randomly divided into two
counter-balanced groups (18 participants per group). In the SW-Bias group,
on half of the trials, participants were presented with an audio recording of a
speaker producing a clear token of the wordkaNON (i.e., stress on second syl-
lable; WS; step 7 from the 7-step continuum) while being presented with the
orthographic form �kaNON� on screen (with instructions that capitalized let-
ters indicated stress). Additionally, on other trials, they were presented with
an acoustically ambiguous auditory token (step 4 from the 7-step continuum),
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which was disambiguated by the orthographic form �CAnon� with stress on the
�rst syllable appearing on screen. Consequently, the SW-Bias group was pre-
dicted to learn that the talker produced ambiguous auditory stress cues associ-
ated with an SW prosodic pattern. In contrast, the other group (WS-Bias) was
presented with audio recordings of the speaker producing a clear token of the
word CAnon(i.e., stress on �rst syllable; SW) while seeing �CAnon� on screen.
Moreover, they were also presented with the acoustically ambiguous auditory
token, critically together with the written word �kaNON� on screen. This group
was thus biased to associate the ambiguous stress cues with a WS prosodic pat-
tern. The clear audio trials and the ambiguous audio trials were presented 24
times each, resulting in 48 exposure trials. Participants passively listened to
all the stimuli (interstimulus interval: 600ms, static �xation cross). Then they
moved on to the test phase described below.

In the Generalization Condition, the design and procedure of the exposure
phase was similar to the Recalibration Condition. However, during the expo-
sure phase, participants in the Generalization Condition were presented with
a different item pair. Speci�cally, the SW-Bias group received a clear auditory
voorNAAMwith the congruent orthographic form � voorNAAM� with stress on the
second syllable, and an ambiguous auditory token from theVOORnaam� voor-
NAAM continuum (step 4) with a disambiguating orthographic form �VOOR-
naam�. Conversely, the WS-Bias group got a clear VOORnaam with congruent
�VOORnaam� on screen, and the ambiguous token (step 4) with a disambiguat-
ing written word �voorNAAM� on screen.

All participants received the same test phase. That is, they were tested on
the same manipulated F0 continuum made up of the 5 ambiguous steps from
the CAnon � kaNON continuum (i.e., steps 2 - 6) in a two-alternative-forced-
choice (2AFC) task. Hence participants from the Recalibration Condition were
tested on the word pair they had been exposed to, whereas participants from
the Generalization Condition were tested on a different word pair than they had
been exposed to. Each step was presented 15 times, equaling a total of 75 trials
presented in random order. After stimulus offset, two response options were
shown, one on either side of the screen. Participants were asked to categorize
what they heard as corresponding either to CAnon (SW) or kaNON (WS) by
pressing the left (�Z�) or right (�M�) button on their keyboard, corresponding to
the left and right word on the screen respectively. The position of SW and WS
words on screen was counter-balanced across participants. Participants were
given a 4000 ms time limit to respond.
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4.2.2 Results

We removed all trials where participants failed to give a response (n = 14, 0.25%
of all observations). We analyzed our data with Generalized Linear Mixed Mod-
els using the lme4 library (Bates et al., 2015) in R (RCoreTeam2021). The in-
dependent variable was the participants’ Categorization Response (SW coded
as 1, CAnon; WS coded as 0,kaNON). Fixed effects included Continuum Step
(continuous, z-scored), Group Bias (categorical, deviation coded: SW as 0.5,
WS as -0.5), Condition (categorical, deviation coded: Recalibration as -0.5,
Generalization as 0.5), and the interactions of Condition with the other �xed
effects. Additionally, the model included random effects for Participants, as
well as maximal random slopes for Continuum Step, Group Bias, and Condi-
tion (Response �Condition*(Step+ Group Bias)+ (1 + Condition + Step+ Group
Bias|Participant_ID)) . All data and code are publicly available on OSF (https://
osf.io/s3p6a/ ).

The model showed a signi�cant Intercept, demonstrating an overall bias to
give slightly more SW than WS responses (mean proportion of SW responses=
0.57; ( � = 0.863, SE= 0.113, z = 7.649, p < 0.001)).Continuum Step was also
signi�cant ( � = � 3.13, SE= 0.278, z = � 11.272, p < 0.001), indicating that
participants’ proportions of SW responses decreased with increasing Continuum
Steps. Condition (� = 0.08, SE = 0.222, z = 0.36, p = .72) and its inter-
action with Continuum Step ( � = � 0.5, SE = 0.539, z = � 0.927, p = .354)
were not signi�cant, suggesting similar response patterns across the Recalibra-
tion and Generalization Conditions. Most critically, the predictor Group Bias did
not have a main effect on the responses (� = � 0.18, SE = 0.156, z = 1.156,
p = .248), but showed an interaction with Condition ( � = � 0.745, SE= 0.306,
z = � 2.436, p = .015), meaning that the effect of Group Bias was stronger in
the Recalibration Condition than the Generalization Condition (see Figure 4.2).
In fact, two follow-up models that were run on each condition separately con-
�rmed that the Group Bias effect was signi�cant in the Recalibration Condition
( � = 0.566, SE = 0.247, z = 2.286, p = .022) in the expected direction: the
proportion of SW responses was higher in the SW-Bias group compared to the
WS-Bias group. In contrast, no effect of Group Bias was found for the General-
ization Condition ( � = � 0.215, SE= 0.189, z = � 1.14, p = .257).

Finally, an exploratory post-hoc model on the Recalibration Condition subset,
including Time (5 batches of 15 consecutive trials) and its interaction with Bias,
revealed a signi�cant Time*Bias interaction ( � = � 0.273, SE = 0.087, z =

https://osf.io/s3p6a/
https://osf.io/s3p6a/
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� 3.148, p = 0.002), meaning that the recalibration effect decreased over time
(see Figure 4.7 in Appendix, 4.7).

Figure 4.2: Results from Experiment 1:Comparison of the audio-only test results
in the Recalibration and Generalization Condition. The proportion
of SW responses (i.e., stress on the �rst syllable) generally decreases
as auditory Continuum Step increases (i.e., sounding more WS-like,
stress on the second syllable). Different audiovisual (AV) exposure
to disambiguating orthographic word forms in the two groups (SW-
Bias vs. WS-Bias) changed responses to the audio only (A-only) test
continuum in the Recalibration Condition, as can be seen by the sep-
aration of the two lines in the left panel. That is, participants who
were exposed to ambiguous/ka.nOn/ in exposure, paired with ortho-
graphic form �CAnon�, generally perceived the continuum as more
SW-like than participants who were exposed to the same ambigu-
ous tokens of /ka.nOn/ paired with �kaNON�. However, there was
no main effect of Group Bias in the Generalization Condition. Note:
Continuum steps go from 2 � 6, as participants were only tested on
the 5 ambiguous tokens of the 7-step continuum. SW= strong-weak,
stress on �rst syllable; WS = weak-strong, stress on second syllable.
Error bars indicate a 95% con�dence interval.

4.2.3 Interim Discussion

The current experiment aimed to conceptually replicate the �ndings from Bosker
(2022) using more naturalistic stimuli. That is, we tested whether listeners
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were able to recalibrate their perception of lexical stress based on disambiguat-
ing lexico-orthographic information. In the Recalibration Condition (i.e., when
tested on the same word as heard during exposure), participants showed a group-
dependent bias in their perception, which was shifted in the direction of the dis-
ambiguating information in exposure (e.g., ambiguous audio disambiguated by
written �CAnon� leading to more �CAnon� responses).

Post-hoc analyses revealed that the recalibration effect decreased over time,
which is consistent with previous studies (e.g., Vroomen, van Linden, et al.,
2004). However, Vroomen, van Linden, et al. (2004) found that the effect could
dissipate within six trials. In contrast, we were able to �nd a consistent effect
when we averaged results across 75 trials. This suggests a much slower dissi-
pation of the effect in the present experiment. Reasons for this difference are
discussed in the General Discussion.

In the Recalibration Condition we found a Group Bias not only for the speci�c
most ambiguous token (step 4) that was presented in the exposure phase, but
also for other tokens on the continuum, indicating a certain degree of generaliza-
tion to novel acoustic tokens of the same word pair. However, participants did
not generalize their recalibration to a segmentally different word, contrasting
with the �ndings in Bosker (2022). There were two major differences between
our experiment and Bosker (2022), both related to the stimuli that were used.
First, Bosker (2022) created arti�cial, linear slopes at different mean F0 heights,
separately for each syllable, to generate the continua. Second, they applied iden-
tical F0-slopes to both items. This manipulation procedure likely facilitated gen-
eralization from one word in exposure to a novel item at test, carrying the exact
same F0 contour as in exposure. In contrast, we tested for a recalibration effect
using more naturalistic continua. By interpolating the original F0 contours of
both members of a pair, we created more complex and arguably more natural
continua. Not only the height but also the overall shape of the F0 contour cued
stress in our stimuli. A consequence of this procedure was that the continua of
the two item pairs were acoustically unique and distinct (see Figure 4.1). De-
spite these differences with Bosker (2022), we also found a recalibration effect.
In fact, our data suggest that the perception of lexical stress can recalibrate even
with more naturalistic continua than those used by Bosker (2022). However, we
did not �nd a generalization effect. Thus, we caution that the generalization of
the recalibration effect to novel words is sensitive to aspects of the stimuli used.
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4.3 Experiment 2 � recalibration driven by beat

gestures

In Experiment 1 we found that disambiguating orthographic cues can lead to
changes in stress perception. However, we rarely encounter speech-disambiguating
orthography when conversing with people. In contrast, manual beat gestures are
ubiquitous (E. McClave, 1994) and part of our everyday face-to-face communica-
tion (Holler & Levinson, 2019; Hübscher & Prieto, 2019; Kita & Özyürek, 2003).
Beat gestures are temporally closely aligned to stressed syllables (e.g., Krahmer
& Swerts, 2007; Pouw & Dixon, 2019; Shattuck-Hufnagel & Ren, 2018), which
affects online perception of lexical stress (Bosker & Peeters, 2021; Bujok et al.,
2025). That is, the alignment of a beat gesture with a syllable makes partic-
ipants more likely to perceive stress on that syllable. Moreover, beat gestures
have been found to redirect attention to a concurrently produced word (Biau &
Soto-Faraco, 2013) and are processed and integrated automatically with speech
(Kelly, Creigh, & Bartolotti, 2010). As such, they could be a possible source of
disambiguation inducing recalibration of lexical stress. We tested this hypothe-
sis by running Experiment 2, which was similar in design to Experiment 1, but
used temporally aligned beat gestures rather than orthographic words as disam-
biguating information in exposure. Participants in different groups were exposed
to videos of a talker producing an ambiguously stressed word with a beat gesture
on either the �rst (SW) or second syllable (WS). If beat gesture alignment in au-
diovisual exposure stimuli can be used as a cue to recalibration, participants in
the SW and WS groups should be biased to perceive the same audio-only stress
continuum in the test phase differently.

4.3.1 Method

Participants

Seventy-two native speakers of Dutch (34 female, 37 male, 1 gender not re-
ported) were recruited for this experiment through Proli�c. Median age was 25
(SD = 4.9, ranging = 19 � 38).

Materials

For this study we again used stimuli from (Bujok et al., 2025). For a detailed
description of the audio and phonetic manipulations see the Materials section
for Experiment 1 above. Additionally, for Experiment 2 we used video stimuli to



96 4 Recalibration of word stress perception

test whether visual beat gestures could drive recalibration of lexical stress per-
ception. The same talker from Experiment 1 had been video-recorded produc-
ing all four words ( CAnon, kaNON, VOORnaam, voorNAAM) with a beat gesture.
The beat gesture was an up-and-down, forward-rotating movement of the right
hand, with the apex (the point of maximal extension) naturally aligned to the
stressed syllable. The speaker was sitting in front of a neutral background and
framed from the hip up. Videos were recorded at a sampling rate of 50 Hz and
cropped to 620 x 620 pixel squares.

Figure 4.3: Audiovisual Stimuli from Experiment 2.Apex of the beat gesture was
aligned to either the �rst (Beat on 1st, green) or second syllable (Beat
on 2nd, orange). Colored lines show position of the hand and thus
movement of the gesture over time. Arrows indicate approximate
alignment of the gesture’s apex with concurrent speech. Videos were
combined with all steps of the auditory stress continuum, aligned at
second syllable onset.

The manipulated auditory stress continua, as described in Experiment 1, were
combined with the original video recordings such that every auditory step was
combined with a video with a beat gesture on the 1st (Beat on 1st) and a video
with a beat gesture on the 2nd syllable (Beat on 2nd). This created our �nal
audiovisual stimuli for use in the exposure phase (see Figure 4.3). Because the
duration of the audio was manipulated to make the duration cues ambiguous
with regards to lexical stress, the audio was slightly misaligned with the original,
unchanged video (mean= 40ms). We aligned audio and video at second syllable
onset precisely by shifting the second syllable onset of the manipulated audio to
the time of the original second syllable onset. We decided to align at second
syllable onset to minimize misalignment at word onset and offset. This led to
slight variation of the beat gesture alignment within each syllable, but, because
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of the alignment at the syllable boundary, all beat gestures were still aligned
with the correct syllable.

Design and Procedure

The experimental design was similar to Bosker (2022) and Experiment 1, con-
sisting of an exposure phase and a test phase. It used the same auditory stimuli
as Experiment 1. However, now in exposure, participants were exposed to the
audio together with video, with the disambiguating information being beat ges-
tures (no orthographic forms; see Table 4.2). Participants were again assigned to
one of two conditions: The Recalibration Condition or the Generalization Con-
dition. Within each condition participants were assigned to either the SW or
WS-Bias group.

Table 4.2:Overview of the Design of Experiment 2: Conditions and Stimuli Pre-
sented

Condition Group Bias Exposure (AV) Test (A-only)
Audio Video

Recalibration
SW Bias amb. /ka.nOn/ (step 4) Beat on 1st

/ka.nOn/ - continuum (steps 2 � 6)

WS /ka.nOn/ (step 7) Beat on 2nd

WS Bias amb. /ka.nOn/ (step 4) Beat on 2nd
SW /ka.nOn/ (step 1) Beat on 1st

Generalization
SW Bias amb. /vo:r.na:m/ (step 4) Beat on 1st

WS /vo:r.na:m/ (step 7) Beat on 2nd

WS Bias amb. /vo:r.na:m/ (step 4) Beat on 2nd
SW /vo:r.na:m/ (step 1) Beat on 1st

In the exposure phase of the Recalibration Condition, the participants in the
SW-Bias group were presented with an original video of the speaker producing
the word kaNON(i.e., stress on second syllable; WS) while making a beat gesture
on the second syllable. Additionally, they were presented with an acoustically
ambiguous auditory token (step 4 from the 7-step continuum), which was dis-
ambiguated by the talker making a beat gesture on the �rst syllable. In contrast,
participants in the WS-Bias group were presented with a video of the speaker
producing clear CAnon (i.e., stress on the �rst syllable; SW) with a congruent
beat gesture on the �rst syllable. The ambiguous auditory token was presented
with a video of the talker producing a beat gesture on the second syllable. Par-
ticipants in the SW-Bias group were expected to learn that the acoustic proper-
ties of the ambiguously stressed word were intended to express an SW prosodic
pattern. Conversely, the WS-Bias group was expected to learn that the same
ambiguous acoustic cues were intended to express a WS prosodic pattern. The
exposure phase in the Generalization Condition was identical in design, but par-
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ticipants were presented with videos of the speaker producing a different word
pair: VOORnaam� voorNAAM.

In total, the exposure phase had 48 trials of which 24 involved original videos
and 24 involved ambiguous audio disambiguated by the temporal alignment
of the beat gesture. Participants had no task in exposure and were only asked
to passively watch the videos, although we emphasized that they had to pay
attention to both audio and video. Participants proceeded from one trial to the
next by pressing the spacebar. Each video was preceded by a �xation cross for
500ms and then the video was played and disappeared once it stopped playing,
asking participants to press the spacebar to continue.

In the test phase, all participants were tested only on the ambiguous audi-
tory tokens from the auditory CAnon� kaNON continuum (steps 2 - 6), without
any video. The test phase was identical to the test phase of Experiment 1 in
terms of stimuli and procedure; hence it exclusively included audio-only trials
(no videos).

4.3.2 Results

We removed all no-response trials before analysis (n= 32, 0.5% of all obser-
vations). The remaining data were analyzed with Generalized Linear Mixed
Models, using the same model from Experiment 1. The model revealed a signif-
icant Intercept, indicating an overall bias to give more SW than WS responses
(mean proportion of SW responses= 0.57, � = 0.736, SE= 0.086, z = 8.609,
p < 0.001). As expected, Step was highly signi�cant (� = � 2.291, SE= 0.2,
z = � 11.484, p < 0.001) re�ecting our auditory stimulus manipulation. As
in Experiment 1, with increasing steps (i.e., continuum becoming more WS-
like), the proportion of SW responses decreased. Crucially, we found an effect
of Group Bias (� = 0.676, SE = 0.144, z = 4.691, p < 0.001), which meant
that participants generally gave a higher proportion of SW responses when they
were in the SW-Bias group and a lower proportion of SW responses when they
were in the WS-Bias group (see Figure 4.4). This effect suggests successful
recalibration of lexical stress perception driven by beat gesture alignment. A
model with a Step*Group Bias interaction term did not improve model �t. This
demonstrates an overall recalibration effect, indicating that participants gener-
alized their Group Bias to varying degrees of ambiguity. However, there was
also a signi�cant interaction between Group Bias and Condition ( � = � 0.939,
SE= 0.283, z = � 3.32, p < 0.001). That is, the size of the Group Bias effect
(i.e., the recalibration effect) was reduced in the Generalization Condition rela-



4 Recalibration of word stress perception 99

tive to the Recalibration Condition. To con�rm this conclusion, the model was
releveled to map the Recalibration Condition onto the intercept, and then once
more with the Generalization Condition on the intercept. The releveled models
con�rmed that the Group Bias effect was present in the Recalibration Condition
( � = 1.146, SE = 0.245, z = 4.673, p < 0.001), but was statistically not sig-
ni�cant in the Generalization Condition ( � = 0.206, SE = 0.146, z = 1.409,
p = 0.159).

Additionally, we ran an exploratory analysis including only the Recalibra-
tion Condition (for analysis script and output see OSF at https://osf.io/
s3p6a/). A model including Time (5 batches of 15 consecutive trials) and its
interaction with Bias revealed a signi�cant Time*Bias interaction ( � = � 0.23,
SE = 0.085, z = � 2.715, p = 0.007), meaning that the recalibration effect
decreased over time (see Figure 4.8 in Appendix, 4.7), just like in Experiment
1. Finally, while the recalibration effect was numerically larger in Experiment 2
(beat gestures) than in Experiment 1 (orthography), a post-hoc comparison of
the recalibration conditions across the two experiments did not yield a signi�cant
Experiment*Bias interaction ( � = 0.615, SE= 0.346, z = 1.774, p = 0.076).

4.3.3 Interim Discussion

Experiment 1 had demonstrated that lexical stress could be recalibrated through
lexico-orthographic information (i.e., orthographic form; Bosker, 2022). Our
�ndings from Experiment 2 are the �rst to demonstrate that such recalibration
can be driven by the alignment of beat gestures to speech as well. We found a
Group Bias effect, indicating that participants were biased to perceive the audio-
only stress continuum at test differently, depending on the disambiguating ges-
tural information they had been presented with in exposure. Participants who
had been presented with the ambiguous stimuli in exposure, disambiguated with
a beat gesture aligned to the �rst syllable (SW), gave more SW responses at test
than participants from the WS-Bias group, who had been presented with the
same ambiguous auditory stimuli in exposure, but then disambiguated with a
gesture aligned to the second syllable.

Again, exploratory analyses revealed a dissipation of the recalibration effect
over time. That is, the effect of Group Bias was stronger at the beginning than
at the end of the test block, just as in Experiment 1. The dissipation of the effect
was slower than suggested by previous literature (e.g., Vroomen, van Linden,
et al., 2004) and so we were able to �nd stable results across a test phase of 75
trials. This is further discussed in the General Discussion. A direct comparison

https://osf.io/s3p6a/
https://osf.io/s3p6a/
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Figure 4.4: Results from Experiment 2:Recalibration driven by Beat Gestures.
Comparison of the results of the Recalibration (left) and the Gen-
eralization Condition (right). The proportion of SW responses (i.e.,
stress on �rst syllable) is generally highest at step 2 (most SW-like)
and lowest at step 6 (most WS-like) in both conditions. The differ-
ently colored lines show if participants were in the SW (green) or WS
(orange) Bias group in the exposure phase. Only in the Recalibration
Condition did the Group Bias from exposure reliably affect the re-
sponses in the test phase equally across all steps. That is, participants
from the SW Group Bias consistently responded more SW-like, and
participants from the WS Group Bias responded more WS-like. The
same effect could not reliably be found in the Generalization Condi-
tion. SW = strong-weak, stress on �rst syllable; WS= weak-strong,
stress on second syllable. Error bars indicate a 95% con�dence inter-
val.

of Experiment 1 and 2 revealed no statistically signi�cant difference regarding
effect size, suggesting similar recalibration effects induced by disambiguating
orthography and visual beat gestures. Still, Experiment 2 replicates the recali-
bration �nding from Experiment 1 with disambiguation information that is more
prevalent in face-to-face communication (i.e., beat gestures).

In contrast, despite a numerical difference, we did not �nd a signi�cant recali-
bration effect in the Generalization Condition, where participants were required
to categorize the same words after having been exposed to segmentally different
words in exposure. We could thus not replicate the generalization �ndings from
Bosker (2022). Note that Experiments 1 and 2, just like Bosker (2022) tested the
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two conditions (Recalibration vs. Generalization) between participants, which
adds more noise to the data compared to a within-participants design, potentially
explaining why the numerical group difference observed in the Generalization
Condition in Experiment 2 was not statistically reliable. Because of this consider-
ation, Experiment 3 used an adjusted design, where Condition was tested within
participants. That is, all participants were exposed to the same word (i.e., the
/ka.nOn/ item) and tested both in the Recalibration Condition ( /ka.nOn/) in one
block and in the Generalization Condition ( /vo:r.na:m/ ) in another. As an addi-
tional bene�t of this design, the number of observations was doubled. The main
predictor of interest Bias (i.e., beat gesture alignment) was still tested between-
subjects, like in Experiments 1 and 2, in line with the lexically-guided phonetic
retuning paradigm (Norris et al., 2003).

4.4 Experiment 3 - recalibration driven by beat

gestures (with additional test phase)

4.4.1 Method

Participants

At our target of seventy-two participants, the groups were not counter-balanced
properly, due to a scripting error, so we decided to test an additional eight par-
ticipants. This left us with the �nal sample of eighty native speakers of Dutch
(38 female, 42 male) with a median age of 25 (SD = 5.32, ranging from 18 -
39). Participants were recruited through Proli�c.

Materials, Design and Procedure

The design of this experiment was similar to Experiment 2 with the critical dif-
ference that the Recalibration and Generalization Condition were now tested
within participants (see Table 4.3), resulting in twice as many observations per
condition and participant as in Experiment 2. We reused the stimuli from Exper-
iment 2, with the addition of steps 2 � 6 from the /vo:r.na:m/ continuum in the
Generalization block. Group Bias remained a between-participants variable, as
is common in lexically-guided recalibration studies.

The exposure phase, with two groups (SW bias vs. WS bias), was identical
to the exposure phase in the Recalibration Condition of Experiment 2. Specif-
ically, participants were presented only with CAnon � kaNON videos. The test
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Table 4.3:Overview of the Design of Experiment 3: Conditions and Stimuli Pre-
sented

Group Bias Exposure (AV) Test (A-only)
Audio Video Recalibration Generalization

SW Bias amb. /ka.nOn/ (step 4) Beat on 1st
WS /ka.nOn/ (step 7) Beat on 2nd /ka.nOn/ /vo:r.na:m/

WS Bias amb. /ka.nOn/ (step 4) Beat on 1st continuum (steps 2-6) continuum (steps 2-6)
SW /ka.nOn/ (step 1) Beat on 2nd

phase was different from the previous experiments, as all participants were now
tested in both conditions. This meant the test phase consisted of two different
Blocks: the Recalibration and Generalization Block. In the Recalibration Block
participants were tested on the middle �ve steps from the CAnon� kaNON con-
tinuum (steps 2 - 6), which was the same word they had been exposed to in
the exposure phase. In the Generalization Block they were tested on the middle
�ve steps of the VOORnaam� voorNAAMcontinuum (steps 2 - 6), to test their
ability to generalize the recalibration effect to segmentally different words. All
participants were exposed to the Recalibration and Generalization Condition in
separate blocks, with the block order counterbalanced across participants. Each
condition presented each of the �ve steps 15 times, resulting in a total of 75
trials per block, and 150 trials in the entire test phase.

4.4.2 Results and Interim Discussion

We ran the same model as in the previous two experiments, but with the cru-
cial difference that Condition was now a within-participant variable. Results
showed a signi�cant Intercept, re�ecting a general bias to give more SW than
WS responses (mean proportion SW responses= 0.52; � = 0.101, SE= 0.047,
z = 2.15, p = 0.032). Again, the signi�cant effect of Step con�rmed lower
proportions of SW responses for higher (i.e., more WS-like) steps (� = � 2,
SE= 0.17, z = � 11.778, p < 0.001). Most importantly, we found a signi�cant
effect of Group Bias (see Figure 4.5;� = 0.436, SE= 0.1, z = 4.4, p < 0.001).
This means that participants gave more SW responses when they were in the
SW-bias exposure group than when they were in the WS-bias exposure group.
Another model with Step*Bias interaction did not improve model �t, suggesting
no robust changes of the Group Bias effect across the different steps of the contin-
uum. Crucially, the interaction with Condition was not signi�cant ( � = 0.045,
SE = 0.131, z = 0.345, p = 0.73), suggesting that the Group Bias effect was
similarly present in both conditions. Models run on either Condition as subset
con�rmed that the Group Bias effect was signi�cant in the Generalization Con-
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dition ( � = 0.393, SE= 0.11, z = 3.584, p < 0.001) and the Recalibration Con-
dition ( � = 0.456, SE= 0.12, z = 3.659, p < 0.001). Finally, we also observed
a main effect of Condition, suggesting an overall SW-bias on thekanon contin-
uum compared to the voornaamcontinuum ( � = � 0.794, SE= 0.1, z = � 7.923,
p < 0.001). An additional model with Block Order (i.e., whether participants
received the Recalibration or Generalization �rst) did not improve model �t (see
Figure 4.9 in Appendix, 4.7).

We also ran a post-hoc model checking for changes of the Group Bias effect
over time. This model included the additional predictors of Time (10 batches of
15 consecutive trials) and its interaction with Bias. Inclusion of the additional
predictors improved �t and revealed a signi�cant three-way interaction between
Bias, Condition and Time (� = 0.106, SE = 0.051, z = 2.09, p = 0.037),
suggesting that the Bias effect changed over time, and did so differently across
Conditions. We ran releveled models to check the effect of Bias over time for
each Condition. These models included a simpli�ed random effects structure, for
reasons of convergence (only by-participant intercept and slopes for Step). In the
Recalibration Condition, the Bias effect did not interact with Time ( � = � 0.048,
SE= 0.03, z = � 1.617, p = 0.106), suggesting a relatively stable effect across
the experiment. In contrast, in the Generalization Condition, the Bias effect
interacted with Time ( � = 0.065, SE= 0.029, z = 2.221, p = 0.026), suggesting
that the Bias effect increasedover time. The results of this additional analysis can
be found in the supplementary materials on OSF (https://osf.io/s3p6a/ ).
A plot illustrating the results across time can be found in the Appendix (see
Figure 4.10 in Appendix, 4.7).

Thus, Experiment 3 demonstrates generalization of the recalibration effect in
the perception of lexical stress. Participants who were exposed to tokens from
the CAnon � kaNON continuum, with a beat gesture either on the �rst or the
second syllable, responded differently in the test phase when asked to categorize
a different audio-only VOORnaam� voorNAAMcontinuum. Disambiguating beat
gestures on the �rst syllable in exposure led to more SW responses in test, while
disambiguating beat gestures on the second syllable in exposure led to fewer SW
responses in test, even when participants were tested on a different continuum.
They thus demonstrated generalization of their recalibration to a segmentally
different word.

Moreover, exploratory analyses revealed no dissipation of the recalibration
effect as previously found in Experiment 1 and 2 and previous studies (e.g.,
Vroomen, van Linden, et al., 2004). In the Recalibration Condition the effect

https://osf.io/s3p6a/
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Figure 4.5: Results from Experiment 3:Recalibration driven by Beat Gestures
(with additional test phase). Comparison of the results from the
Recalibration (left) and the Generalization Condition (right). The
proportion of SW responses (i.e., stress on �rst syllable) is generally
highest at step 2 (most SW-like) and lowest at step 6 (most WS-like)
in both conditions. The differently colored lines show if participants
were in the SW (green) or WS (orange) Bias group in the exposure
phase. Bias group in Exposure affected the responses in the test phase
in both conditions, giving evidence for recalibration. That is, people
from the SW Bias group consistently responded more SW-like, and
participants from the WS Bias group responded more WS-like. This
recalibration effect was present in both the Recalibration Condition
as well as the Generalization Condition. SW= strong-weak, stress
on �rst syllable; WS = weak-strong, stress on second syllable. Error
bars indicate a 95% con�dence interval.

appeared to remain stable across the entire experiment, and in the Generaliza-
tion Condition the effect even appeared to increase over time. These �ndings
are further discussed in the General Discussion.

4.5 Experiment 4 - recalibration driven by beat

gestures (alternating exposure + test phases)

The previous experiments show that participants can adapt their perception of
lexical stress based on lexico-orthographic information (Experiment 1) and the
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timing of simple hand gestures (Experiments 2-3). We attribute the adapta-
tion effects to recalibration, whereby for instance the timing of a beat gesture
disambiguates an ambiguous auditory stimulus. However, aside from ambigu-
ous tokens, participants were also exposed to unambiguous clear speech tokens.
Hence, our results could in principle also be explained by another type of per-
ceptual adaptation, namely selective adaptation(see Eimas & Corbit, 1973). In
selective adaptation, the repeated exposure of a stimulus results in adaptation
away from the stimulus. That is, the repeated exposure to words with auditory
stress on the �rst syllable (e.g., CAnon) could lead to reducedperception of stress
on the �rst syllable in a following test phase (e.g., fewer CAnonresponses). Ac-
cording to this selective adaptation account, our results could thus be driven
by the unambiguous auditory stress cues in the clear speech tokens in exposure
alone, irrespective of any contribution of beat gestures. Selective adaptation and
recalibration effects can appear together (see Bertelson et al., 2003), and the
design we used in the previous experiments does not allow us to disentangle the
two accounts.

Another limitation of our experiments was the number of exposure and test
trials we used. Previous research on visually-guided recalibration has found that
minimal exposure (e.g., only 8 exposure trials) is suf�cient to induce recalibra-
tion effects (e.g., Bertelson et al., 2003). At the same time, visually-guided
effects have been found to last only very brie�y. For example, Vroomen, van
Linden, et al. (2004) found dissipation of the recalibration effect (i.e., return to
baseline perception) after only six test trials. While visually-guided recalibra-
tion effects have also been found in experiments with longer test phases (e.g.,
84 trials in Reinisch & Mitterer, 2016), the evidence for recalibration in our pre-
vious experiments may be underestimated. In Experiment 2 we presented 75,
and in Experiment 3 even 150 test trials to each participant. This may explain
why we found dissipation of recalibration over the course of the test phase in
Experiments 1-2 in our post-hoc exploratory analyses.

Based on these �ndings and considerations, we decided to run an additional
experiment1 that more closely followed classic visually-guided recalibration stud-
ies, in which participants are presented with multiple mini-blocks including a
small number of exposure trials with only ambiguous audio (i.e., 8 exposure
trials), followed by a small number of test trials (i.e., 6 test trials). Critically,
Bias (i.e., Beat gesture alignment on the 1st vs 2nd syllable) was tested within-
participants. That is, for every participant, in half of the mini-blocks during Ex-

1As suggested by reviewers



106 4 Recalibration of word stress perception

posure, the ambiguous audio was disambiguated by a beat gesture on the �rst
syllable, while in the other half of the mini-blocks ambiguous audio was disam-
biguated by a beat gesture on the second syllable. The order of these Exposure+
Test mini-blocks was randomized across participants. This design mitigates any
potential and substantial dissipation of the recalibration effect, by close prox-
imity between exposure and test trials as a result of the alternating mini-block
design. Moreover, it also presents participants with only acoustically ambiguous
trials and thus eliminates selective adaptation as an alternative explanation for
the effect.

4.5.1 Method

Power analysis

We estimated statistical power by means of Monte Carlo simulations on simu-
lated datasets (N= 1000; Kumle et al., 2021) using Generalized Linear Mixed
Models (Bates et al., 2015). We assumed an overall categorization difference of
15% between the SW and WS Bias in the Recalibration Condition (i.e., when ex-
posure and test words are the same). This estimate was based on the averaged
difference between the two Bias Groups on Steps 3, 4, and 5 in Experiments
2 and 3. With this effect size, we achieved a power of 0.80 with 24 partici-
pants in total. To be conservative and account for noisier and more complex
data in the �nal experiment, we decided to test 40 participants in total. At this
sample size, power according to our simulations was 0.95. See the OSF page
(https://osf.io/s3p6a/ ) for the R code implementing this power analysis

Participants

Forty native speakers of Dutch (16 female, 24 male) were recruited for this ex-
periment through Proli�c. Median age was 28 (SD = 6.41, range = 19 - 40).

Materials

In this experiment we used a subset of the stimuli from the previous experi-
ments. Speci�cally, we used only the video stimuli with ambiguous audio for
the audiovisual exposure phase. For the audio-only test phase we selected the
middle three steps (i.e., 3, 4, 5) from the /ka.nOn/ and /vo:r.na:m/ continua.
For detailed information, see earlier method sections above.

https://osf.io/s3p6a/
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Design and Procedure

We designed this experiment similar to the classic visually-guided recalibration
paradigm used by Bertelson et al. (2003). Participants were presented with 32
mini-blocks, each consisting of an audiovisual exposure phase immediately fol-
lowed by an audio-only test phase. Unlike previous studies (Bertelson et al.,
2003; van der Zande, Jesse, & Cutler, 2014; Vroomen, van Linden, et al., 2004),
our design did not include an auditory-only calibration phase preceding the ex-
periment, serving to determine which token on a phonetic continuum was the
by-participant’s most ambiguous. Instead, we used tokens that were ambigu-
ous on the group level based on the previous experiments in order to facilitate
comparison to those experiments. To limit the duration of the experimental ses-
sion, we followed van der Zande et al. (2014) in testing two groups, each only
receiving either /ka.nOn/ or /vo:r.na:m/ stimuli in exposure (see Table 4.4).

In each audiovisual exposure phase, participants were presented with videos
of the talker producing ambiguous audio, paired with a disambiguating beat ges-
ture on either the �rst or second syllable. All participants were presented with 16
mini-blocks where the audio was paired with a beat gesture on the �rst syllable
and 16 mini-blocks where it was paired with the beat gesture on the second syl-
lable. That is, the effect of beat gesture alignment (i.e., Bias) was tested within-
participants. Within each exposure phase participants were presented with the
same audiovisual stimulus eight times. The speci�c words participants were ex-
posed to were counterbalanced: Half of the participants received the ambiguous
token from the /ka.nOn/ continuum and the other half received the ambiguous
token from the /vo:r.na:m/ continuum. Although the exposure phases did not
involve any task (i.e., passive viewing), participants were explicitly instructed to
pay close attention to what the talker was saying and keep looking at the screen
at all times.

Each exposure phase was immediately followed by an audio-only test phase.
Participants were presented with three audio-only test stimuli (steps 3, 4, 5)
twice in a random order, totaling six test trials in each phase. On every trial, a
�xation cross was presented in the middle of the screen, followed by the audio-
only test stimulus and two response options on either side of the screen (e.g.,
written "CAnon" & "kaNON"). Participants were tasked to categorize the audi-
tory stimulus as either SW (e.g.,CAnon) or WS (e.g., kaNON) by pressing the left
(�Z�) or right button (�M�) on their keyboard, corresponding to the left and right
word on the screen respectively. The position of SW and WS words on the screen
was counter-balanced across participants. In total, participants completed 32 Ex-
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posure + Test mini-blocks. Half of the mini-blocks included Recalibration trials,
while the other half included Generalization trials. In Recalibration mini-blocks,
participants were tested on the same word they had been exposed to. That
is, for participants who were consistently exposed to /ka.nOn/, the Recalibra-
tion test phases consisted of/ka.nOn/ stimuli, and the Generalization test phase
consisted of /vo:r.na:m/ stimuli. Conversely, participants who were exposed
to /vo:r.na:m/ were presented with Recalibration test phases with/vo:r.na:m/
stimuli and Generalization test phases with /ka.nOn/. Recalibration and Gen-
eralization Conditions were thus tested within-participants. The order of all 32
mini-blocks was fully randomized.

Table 4.4:Overview of the Design of Experiment 4: Conditions and Stimuli Pre-
sented. Exposure+ Test mini-blocks were presented fully intermixed.

Group Exposure (AV) Test (A-only) Condition
Audio Video

Group A (n = 20)
amb. /ka.nOn/ Beat on 1st /ka.nOn/ - continuum Recalibration

Beat on 2nd

amb. /ka.nOn/ Beat on 1st /vo:r.na:m/ - continuum Generalization
Beat on 2nd

Group B (n = 20)
amb. /vo:r.na:m/ Beat on 1st /ka.nOn/ - continuum Generalization

Beat on 2nd

amb. /vo:r.na:m/ Beat on 1st /vo:r.na:m/ - continuum Recalibration
Beat on 2nd

4.5.2 Results

We used a similar Generalized Linear Mixed Model (GLMM) as in the previ-
ous experiments. The model took the Categorization Response (SW coded as
1, CAnon; WS coded as 0,kaNON) as the dependent variable and included the
following predictors: Continuum Step (continuous, z-scored), Bias (categori-
cal, deviance coded SW as 0.5 and WS as -0.5), Exposure Word (categorical,
deviance coded/ka.nOn/ as -0.5 and /vo:r.na:m/ as 0.5), Condition (categor-
ical, deviance coded Recalibration as -0.5 and Generalization as 0.5), and the
interactions of Condition with the other predictors. Additionally, the model in-
cluded random effects for Participants, as well as random slopes for Continuum
Step and Condition (Response Condition*(Step+ Bias + Exposure_word)+ (1
+ Condition + Step|PP)).

The model revealed a signi�cant effect of Step, re�ecting that participants
gave lower proportions of SW responses on higher steps, where the auditory con-
tinuum became less SW-like (� = � 1.192, SE= 0.154, z = � 7.76, p < 0.001).
Bias was not signi�cant overall ( � = 0.122, SE= 0.069, z = 1.783, p = 0.075),
but it did interact with Condition ( � = � 0.331, SE = 0.137, z = � 2.409,
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p = 0.016). Releveled models revealed that Bias was not signi�cant in the Gen-
eralization Condition ( � = � 0.043, SE= 0.095, z = � 0.454, p = 0.65). How-
ever, it was signi�cant in the Recalibration condition ( � = 0.288, SE= 0.1, z =
2.892, p = 0.004) (see Figure 4.6). The interaction of Condition and Exposure
Word was also signi�cant ( � = 2.308, SE = 0.513, z = 4.5, p < 0.001), but
since these predictors are correlated, it only means that the proportion of SW
responses was generally higher for the/ka.nOn/ continuum. The interaction of
Condition and Step was also signi�cant ( � = 0.171, SE = 0.077, z = 2.218,
p = 0.027), indicating that the categorization of the continua differed between
the two conditions (see below).

Figure 4.6: Results from Experiment 4:Recalibration driven by Beat Gestures (al-
ternating Exposure + Test phases). Comparison of the results from
the Recalibration (left) and the Generalization Condition (right). The
proportion of SW responses (i.e., stress on �rst syllable) is generally
highest at step 3 (most SW-like) and lowest at step 5 (most WS-like)
in both conditions. The differently colored lines show the Bias of the
Beat gesture in Exposure (within-participant): SW (green) or WS (or-
ange). Bias in Exposure affected the responses in the test phase only
in the Recalibration Condition. That is, when people saw a beat ges-
ture on the �rst syllable they responded more SW-like and when they
saw a beat gesture on the 2nd syllable they responded more WS-like.
There was no evidence for recalibration in the Generalization Condi-
tion. SW = strong-weak, stress on �rst syllable; WS= weak-strong,
stress on second syllable. Error bars indicate a 95% con�dence inter-
val.
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4.5.3 Interim Discussion

The results of Experiment 4 con�rm that beat gestures can recalibrate lexical
stress perception, as audiovisual exposure to different beat gesture alignments
(beat on the 1st or 2nd syllable) changed subsequent audio-only perception.
While the �ndings from Experiments 1-3 could in part have involved selective
adaptation induced by exposure trials with unambiguous speech, this �nal ex-
periment eliminated that possibility by only ever exposing participants to am-
biguously stressed words. Again, we found no evidence for generalization of the
recalibration effect to different words.

In typical visually-guided recalibration studies, participants �rst perform a cal-
ibration task to determine by-participant ambiguous tokens (Bertelson et al.,
2003). Then every participant is exposed to speech tokens that are close to what
they individually perceive as ambiguous. This provides ideal circumstances for
recalibration and thus likely results in larger and more consistent recalibration
effects compared to the current experiment. In contrast, for consistency with
the other experiments reported here, all of our participants were exposed to the
same tokens, which were ambiguous at the group level. This might have intro-
duced more variability as individual participants could have perceived the same
auditory step as more or less ambiguous and thus may have recalibrated their
perception to different degrees. This may also account for why we were unable
to observe generalization of the recalibration effect to different words.

Our results also show that the continua for /ka.nOn/ and /vo:r.na:m/ were
perceived differently in Experiment 4, despite having matched the continua based
on perceptual data from an audio-only pretest (see Methods of Experiment 1).
Therefore, any recalibration effect induced by one word may have been dif�cult
to apply to the other word, if it sounded much less ambiguous to the participant.
If we had calibrated the perception of the continua per participant and per item,
and the perceptual ambiguity of the two continua had been matched within par-
ticipants, generalization effects might have occurred. However, we note that our
design is arguably closer to everyday listening conditions than earlier studies, as
in naturally occurring situations of (multimodal) speech comprehension there
will also be variability in how different listeners recalibrate to the same speaker.

Nevertheless, this �nal experiment strongly suggests that adaptation of lexical
stress perception driven by audiovisual exposure to different beat gesture align-
ments can, at least in part, be explained by recalibration. Despite not calibrating
the stimuli beforehand like previous studies have done, we were able to �nd a
robust recalibration effect. Further studies, including such calibration to control
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the ambiguity of the items, may reveal even stronger evidence for recalibration
and possibly generalization thereof to different words.

4.6 General Discussion

The current study investigated recalibration of lexical stress perception driven by
orthography (Experiment 1) and by manual beat gestures the speaker produced
while talking (Experiments 2-4). Across all four experiments, we found reli-
able evidence for adaptation of lexical stress perception. Experiment 4 demon-
strated that the adaptation could not have been the result of selective adap-
tation, but must have been caused by recalibration instead. The recalibration
effects emerged after mere passive exposure to the multimodal stimuli in an
online testing setup without control over participants’ looking behavior or atten-
tion, and using as few as eight acoustically ambiguous trials during exposure in
Experiment 4. Thus, we replicated previous recalibration �ndings regarding lex-
ical stress, driven by lexico-orthographic information (Bosker, 2022), with more
variable and arguably more naturalistic phonetic continua. And, most strikingly,
we demonstrate recalibration of lexical stress perception driven by simple up-
and-down manual beat gestures.

These results highlight the importance of beat gestures and speci�cally their
temporal alignment to the speech signal in audiovisual speech perception. Not
only articulatory visual cues (i.e., lip movements) that are causally linked to the
speech signal can affect speech perception (Bertelson et al., 2003; McGurk &
MacDonald, 1976), but also other visual signals such as simple up-and-down
gestures produced by the hands. Here we show that these effects of gestural
timing go beyond immediate perception (Bosker & Peeters, 2021) and can lead
to lasting changes to perceptual representations. Remarkably, these results were
obtained even though participants did not have to respond overtly to the audio-
visual exposure trials. Previous studies investigating how beat gestures impact
spoken word recognition (Bosker & Peeters, 2021; Bujok et al., 2025; Cos et al.,
2024; Maran & Bosker, 2024; Rohrer et al., 2025) primarily relied on forced cat-
egorization of words, allowing for strategic, task-related responses (e.g., always
pressCAnonwhen you see a beat gesture on the 1st syllable). Instead, in the
present study, participants viewed the videos only passively and yet these videos
changed their perception of subsequent audio-only test trials. This strongly sug-
gests that beat gestures may affect everyday spoken word recognition.
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Our results are consistent with recent models of speech-gesture integration,
which highlight the multimodal nature of spoken communication (Holler & Levin-
son, 2019; Kita & Özyürek, 2003). Further research is needed to examine whether
other types of gestures can also support recalibration. Iconic gestures (e.g., Dri-
jvers & Özyürek, 2017) and pointing gestures (Peeters, 2015; Pouw & Dixon,
2019) are also temporally aligned with the spoken signal (see McNeill, 1992;
Pouw & Dixon, 2019). Yet, other types of gestures may offer additional cues
to disambiguate the acoustic signal. Iconic gestures convey a speci�c meaning,
and pointing gestures can direct attention, for instance when referring to a spe-
ci�c object. Therefore, perceptual recalibration through other types of gestures
may be driven by temporal alignment to the speech, as shown here, but possibly
through other disambiguating cues as well.

Our results show how the use of beat gestures to recalibrate lexical stress
perception could be a plausible explanation for suprasegmental adaptation in
day-to-day communication, where beat gestures and speech co-occur frequently
(in contrast to speech-disambiguating orthography that may be mostly present in
subtitles). Moreover, our �ndings support the notion that gestures are processed
and integrated automatically with speech (Kelly, Creigh, & Bartolotti, 2010). We
found recalibration effects even when participants were not instructed to pay at-
tention to the beat gestures presented to them in exposure. More active tasks,
for instance requiring comprehension of the presented words in a communica-
tive context, might potentially lead to larger recalibration effects. However, as
our experiments have shown, explicit tasks are not necessary for beat gesture
integration with speech. This is in line with previous research showing effects of
beat gesture alignment in more implicit tasks, like shadowing and vowel length
perception (Bosker & Peeters, 2021). Evidence from exploratory analyses of Ex-
periments 1 and 2 showed that the recalibration effects decreased over time, but
in Experiment 3 with a test phase of 150 trials, we did not detect a dissipation
of the Recalibration effect over time. Therefore, it is unclear how long the re-
calibration effect typically lasts and which variables affect its persistence. These
questions could be addressed in future research.

Furthermore, we tested all four experiments in an online testing setup. This
limited our control over the auditory and visual display of the stimuli such as au-
dio and video quality, video size, and audiovisual synchrony. More importantly,
although participants were instructed to pay attention to the video stimuli, we
had no control over their looking behavior or attention. We don’t know how
much the participants actually attended to the video or more speci�cally the beat
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gesture, which, in the participants’ view, was not directly relevant to the task.
Still, we found consistent recalibration effects across all experiments, demon-
strating both the robustness of this effect and the viability of online testing in
research on audio-visual integration in speech processing.

Current models of speech adaptation (e.g., Kleinschmidt & Jaeger, 2015; Xie
et al., 2023) do not address suprasegmental recalibration and/ or the potential
in�uence of visual gesture information. Still they might be able to explain our
�ndings. The Kleinschmidt and Jaeger (2015) Ideal Adaptor Framework pro-
poses that the perceptual system resolves ambiguity by statistical inference and
thus drives adaptation. For example, when presented with an ambiguous sound
(e.g., midway between / ba/ and / da/ ), together with clear visual articulation
(e.g., closing lips), one can infer the likely sound from prior experience (i.e., in-
formed by the statistics about which sounds these mouth shapes usually co-occur
with). In theory, the same process of inference could be used to recalibrate
the perception of lexical stress. When presented with acoustically ambiguous
stress cues, together with a certain temporally aligned visual beat gesture, one
could infer that these acoustic cues convey a certain stress pattern based on the
prior experience that beat gestures usually accompany stressed syllables. Still,
it is unclear to what extent the underlying processes responsible for segmen-
tal and suprasegmental recalibration are the same. Moreover, it is also unclear
whether these models make different predictions for beat gestures, which are
only relevant in their temporal alignment to speech and do not convey any pho-
netic information, unlike articulatory cues that are both time-aligned as well as
phonologically informative. As our results show that recalibration can be driven
by beat gestures, models should address different sources of visual information
and suprasegmental aspects of speech more speci�cally.

An important goal of the present study was to test for generalization of re-
calibration to novel and segmentally distinct words, not encountered during
exposure. Bosker (2022) reported evidence for such generalization. In their
study, the F0 contour of the ambiguous stimuli were identical between words,
which could have facilitated generalization. Our study used more naturalistic
and variable F0 contours and provides mixed evidence for generalization of the
recalibration effect. We did not �nd a generalization effect in Experiment 1 and
4, and only numerical evidence in Experiment 2. However, we found a statis-
tically reliable generalization effect in Experiment 3, using a design that tested
Condition (Recalibration vs. Generalization) within participants. Interestingly,
post-hoc exploratory analyses showed no dissipation of this effect over the course
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of the experiment, even though the test phase was 150 trials long. In fact, it ap-
pears that the effect grew slightly over time. Note that this �nding replicates
the generalization outcomes reported in Bosker (2022), but this time with more
naturalistic auditory phonetic continua. All in all, we interpret these �ndings
as indicating that the generalization effect is more fragile than the within-item
recalibration effect and possibly particularly sensitive to aspects of the stimuli
used. That is, it appears that acoustic similarity between words could facilitate
generalization (see Bosker, 2022).

However, acoustic similarity likely cannot explain why the generalization ef-
fect surfaced in Experiment 3, but not in Experiment 2. Perhaps other prop-
erties of the stimuli affected the degree to which participants could recalibrate
or not. Note that generalization in Experiment 2 involved generalizing from
/vo:r.na:m/ to /ka.nOn/, and generalization in Experiment 3 involved general-
izing from /ka.nOn/ to /vo:r.na:m/ . Maybe some words are better recalibrators
than other words. However, this remains speculative as Experiment 4, which
tested generalization from and to both words, did not suggest such asymmet-
ric effects. Therefore, the factors underlying generalization are still unclear and
remain to be tested using different stimuli and experimental designs.

For instance, generalization is usually taken as evidence of phonological ab-
straction. According to metrical phonology, in the case of lexical stress the ab-
straction is a metrical structure of a whole phrase that cues relative prominence
(Ladd & Arvaniti, 2023; Pierrehumbert, 1980). When perceiving speech, pho-
netic information cues this metrical structure. In our study, the orthography
(Experiment 1) and beat gestures (Experiment 2, 3 4) provided additional in-
formation cueing a speci�c metrical structure for this speaker (i.e., acoustically
ambiguous cues referring to either SW or WS). Experiment 3 showed that this
cued structure can also be applied to a segmentally different disyllabic word. An
interesting avenue for future research would be to investigate different and more
complex metrical structures (e.g., polysyllabic words) and thus test the limits of
generalization.

Another potential future topic of interest is to assess to what extent the recal-
ibration effect, induced by beat gestures as consistently observed in the present
study, is speaker-speci�c (Eisner & McQueen, 2005). For instance, if a listener
recalibrates their perception of speaker A, will their perception of speaker B
change as well, or remain unchanged? There is mixed evidence for speaker-
speci�city in recalibration of segmental speech representations. Some studies
testing the recalibration of certain phonemes (i.e., fricatives) have found such
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speaker-speci�city (Eisner & McQueen, 2005; Kraljic & Samuel, 2007). These
studies argue that generalization to different speakers is not bene�cial unless
there are indications that the pronunciation variation is driven by group-level
factors (e.g., demographics). Other studies, testing different phonemes (i.e.,
stop consonants), found generalization across speakers (Kraljic & Samuel, 2006,
2007), which could facilitate the processing of acoustic patterns that multiple
talkers have in common. It is not entirely clear to what extent recalibration
of suprasegmental aspects of speech, such as lexical stress, is speaker-speci�c.
However, there is recent evidence for speaker-speci�c cue weighting in lexical
stress (Severijnen et al., 2021), which could perhaps also apply to recalibration.
Further research could explore the limits of recalibration of lexical stress and in-
vestigate the in�uence of beat gestures on speech comprehension more broadly.

In sum, the results of all four experiments reported here consistently show
evidence for recalibration of lexical stress. Simple �icks of the hand appear to
have a lasting impact on speech perception. The mere alignment of beat gestures
with speech can shape our perception of lexical stress and remain effective even
when beat gestures are no longer present. Hence, the temporal alignment of
gestures and speech conveys important information to a listener even in passive-
viewing tasks. This highlights the importance of gesture-speech integration in
face-to-face communication.
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4.7 Appendix

Table 4.5:Overview of the phonetic cues of stress (duration & intensity) per word
and syllable, in the original recordings (SW & WS) and in the manip-
ulated, ambiguous tokens.

Stress Pattern Item
canon content servisch voornaam voorspel voortuin voorruit

Syllable 1

Mean Intensity (dB)
SW 70.49 67.39 69.23 70.80 69.73 67.44 72.56
WS 61.89 62.61 61.67 63.25 64.91 59.42 64.00

Ambiguous 66.19 65.00 65.45 67.03 67.32 63.43 68.28

Duration (ms)
SW 257 365 480 362 326 427 370
WS 194 285 326 281 238 341 306

Ambiguous 226 325 403 322 282 384 338

Syllable 2

Mean Intensity (dB)
SW 64.58 61.83 59.29 64.19 62.07 64.39 60.19
WS 67.45 67.71 61.59 67.54 63.15 68.54 65.55

Ambiguous 66.01 64.77 60.44 65.86 62.61 66.46 62.87

Duration (ms)
SW 347 418 388 412 476 352 450
WS 481 478 538 479 526 364 491

Ambiguous 414 448 463 446 501 358 471
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Figure 4.7: Experiment 1 results over time (disambiguating orthography in Expo-
sure): Comparison of the results from the Recalibration (top row)
and the Generalization Condition (bottom row) across time (i.e., 5
miniblocks, consisting of 15 consecutive trials). Different audiovi-
sual (AV) exposure to disambiguating orthographic word forms in
the two groups (SW-Bias[green] vs. WS-Bias[orange] ) changed re-
sponses to the audio only (A-only) test continuum in the Recalibra-
tion Condition. That is, people from the SW Bias group gave larger
proportion SW responses, and participants from the WS Bias gave
lower proportion WS responses. The effect of Bias decreased over
time (i.e., miniblocks), being most notable in miniblock 1 (trials 1 -
15) and 2 (trials 16 - 30). There was no effect of Bias in the Gener-
alization Condition. SW = strong-weak, stress on �rst syllable; WS
= weak-strong, stress on second syllable. Error bars indicate a 95%
con�dence interval.
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Figure 4.8: Experiment 2 results over time (disambiguating beat gesture in Expo-
sure): Comparison of the results from the Recalibration (top row)
and the Generalization Condition (bottom row) across time (i.e., 5
miniblocks, consisting of 15 consecutive trials). The differently col-
ored lines show if participants were in the SW (beat gesture on 1st
syllable [green] ) or WS (beat gesture on 2nd syllable[orange] ) Bias
group in the exposure phase. Bias group (i.e., beat gesture align-
ment) in Exposure affected the responses in the Recalibration Condi-
tion. That is, people from the SW Bias group gave larger proportion
SW responses, and participants from the WS Bias gave lower pro-
portion WS responses. The effect of Bias decreased over time (i.e.,
miniblocks). There was no effect of Bias in the Generalization Condi-
tion. SW = strong-weak, stress on �rst syllable; WS= weak-strong,
stress on second syllable. Error bars indicate a 95% con�dence inter-
val.
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Figure 4.9: Experiment 3 results over test phases (disambiguating beat gesture in
Exposure): Comparison of the results from the Recalibration (top
row) and the Generalization Condition (bottom row) across test
phases. The differently colored lines show if participants were in the
SW (beat gesture on 1st syllable[green] ) or WS (beat gesture on 2nd
syllable [orange] ) Bias group in the exposure phase. Left plots show
the �rst test phase, immediately after Exposure (trials 1 - 75). Right
plots show the second test phase (trials 76 - 150). Bias group (i.e.,
beat gesture alignment) in Exposure affected the responses in the Re-
calibration Condition and Generalization Condition. That is, people
from the SW Bias group gave larger proportion SW responses, and
participants from the WS Bias gave lower proportion WS responses.
SW= strong-weak, stress on �rst syllable; WS= weak-strong, stress
on second syllable. Error bars indicate a 95% con�dence interval.
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Figure 4.10: Experiment 3 results over time (disambiguating beat gesture in Expo-
sure): Comparison of the results from the Recalibration (top two
row) and the Generalization Condition (bottom two row) across
miniblocks. The differently colored lines show if participants were
in the SW (beat gesture on 1st syllable[green] ) or WS (beat ges-
ture on 2nd syllable [orange] ) Bias group in the exposure phase.
Miniblocks 1 � 5 were part of the �rst test phase, following imme-
diately after Exposure, miniblocks 6 � 10 were part of the second
test phase. Bias group (i.e., beat gesture alignment) in Exposure
affected the responses in the Recalibration Condition and Gener-
alization Condition. That is, people from the SW Bias group gave
larger proportion SW responses, and participants from the WS Bias
gave lower proportion WS responses. There was no statistically re-
liable change across time in Recalibration, and a slight increase in
the Generalization Condition. SW = strong-weak, stress on �rst
syllable; WS = weak-strong, stress on second syllable. Error bars
indicate a 95% con�dence interval.



5 j Beat gestures facilitate lexical access in

constraining sentence contexts

Abstract

Even though we can have successful conversations without seeing each other
(e.g., in phone conversations), visual cues can further support speech compre-
hension. For example, speech is often produced together with co-speech hand
gestures. Beat gestures speci�cally tend to co-occur with prominent words in a
sentence, typically aligning to the stressed syllable. Hence, the alignment of beat
gestures with speci�c syllables can affect spoken word recognition. For exam-
ple, a beat gesture produced and aligned to a given syllable biases participants to
perceive stress on this syllable. However, previous studies have primarily tested
words in isolation and words with lexical stress competitors (e.g., CONtentvs.
conTENT), where the beat gesture was crucial to disambiguate the word. Hence,
it is unclear if beat gestures also support lexical access in more naturalistic con-
ditions, such as when hearing words without a lexical stress competitor (e.g.,
Dutch LEger; English ARmy) in semantically constraining sentences. To answer
this question, we presented participants with videos of a talker producing se-
mantically constraining sentences containing a critical disyllabic sentence-�nal
target in a lexical decision task. The target was either produced without a ges-
ture or accompanied by a beat gesture aligned to the �rst or second syllable.
Response times showed that participants were generally faster when the target
was presented together with a beat gesture, regardless of its within-word align-
ment. Moreover, we found that this facilitatory effect was larger for words than
pseudowords. These results provide evidence that beat gestures � even when
they are not essential for successful speech comprehension � affect lexical ac-
cess in highly constraining contexts.
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5.1 Introduction

Most of everyday communication occurs between people face-to-face (see Holler
& Levinson, 2019). This means that we are presented with spoken speech em-
bedded in a rich multimodal context: we can not only hear the auditory speech,
but we can usually see it unfold in visual information (e.g., lip movements) and
accompanying gestures as well. It has been suggested that gesture and speech
are intrinsically linked in production and comprehension (Kelly, Özyürek, &
Maris, 2010; Kita & Özyürek, 2003) from an early age (Florit-Pons et al., 2023).
Some co-speech gestures, like iconic gestures (e.g., holding a cupped hand to
your mouth in a drinking motion), are linked to speech on a semantic and tem-
poral level (McNeill, 1992). The gestural semantic information can help predict
upcoming speech (ter Bekke et al., 2024) and thus enhance communication in
general (for review see Hostetter, 2011). However, other gestures, like beat ges-
tures, being the focus of this study, do not so much align to speech on a semantic
level but only on a temporal level. This study tests whether these beat gestures,
typically timed to the prosody of speech, might also support lexical access.

Prosody can be de�ned as �the organizational structure of speech� (Beckman,
1996), and includes various aspects of speech that go beyond the segments
(i.e., speech sounds such as vowels and consonants). This includes intonation,
rhythm, and stress (for review see Speer & Blodgett, 2006). Prosody plays an
important role in word recognition (Cutler et al., 1997; Maslowski, Meyer, &
Bosker, 2019a; Mitterer et al., 2011; van Donselaar, Koster, & Cutler, 2005).
Lexical stress for example is an important prosodic property of many languages
(for review see Cutler, 2008). Especially in free-stress languages such as En-
glish, Spanish and Dutch, it can have a lexically distinctive character. For ex-
ample, the Dutch words CONtent(/’kOn.tEnt/ , [noun: content] ) and conTENT
(/kOn.’tEnt/ , [adjective: content] ) are segmentally identical and only distin-
guishable by the position of the lexical stress (indicated by capital letters). As a
result, taking into account lexical stress can facilitate word disambiguation (Cut-
ler & Van Donselaar, 2001). Lexical stress can even constrain lexical competition
and speed up word recognition in words that are segmentally different, such as
Dutch OCtopusand okTOber(Pisoni & Remez, 2008; Reinisch et al., 2010), since
lexical stress information (in Dutch) disambiguates words and eliminates poten-
tial lexical competitors earlier than segmental information alone (van Heuven &
Hagman, 1988). Moreover, taking into account statistical regularities of stress
patterns (e.g., in a given language) can further facilitate lexical access (Zora,
Wester, & CsØpe, 2023).
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Lexical stress also has visual correlates, such as the alignment of manual beat
gestures with speech (Leonard & Cummins, 2011), which is the focus of the
present study. Other cues such as visible lip and mouth movements on the face
(see Scarborough et al., 2009) also cue stress but are not always used in audio-
visual stress perception as much as beat gestures (Bujok et al., 2025). Beat ges-
tures are simple bi-phasic movements of the hand and are considered the most
common type of gesture (McNeill, 1992). In contrast to other gestures, beat ges-
tures primarily align with speech on a temporal level, speci�cally to prominent
words (Krahmer & Swerts, 2007; Leonard & Cummins, 2011; Shattuck-Hufnagel
& Ren, 2018). Therefore, beat gestures can help anticipate the onset of relevant
words (Biau & Soto-Faraco, 2013, 2015), focusing attention, aiding auditory
integration (Biau & Soto-Faraco, 2013, 2015; Dimitrova et al., 2016), and en-
hancing memory recall (Kushch & Prieto, 2016; Rohrer et al., 2020). Moreover,
seeing a beat gesture can also directly in�uence the perceived prominence of an
utterance (Krahmer & Swerts, 2007). In fact, on a word-level, beat gestures can
change the perceived position of lexical stress (Bosker & Peeters, 2021; Bujok et
al., 2025; Cos et al., 2024; Maran & Bosker, 2024; Rohrer et al., 2025).

Speci�cally, Bosker and Peeters (2021) presented participants with auditory
lexical stress continua between Dutch minimal pairs (e.g., CONtent vs. con-
TENT), paired with a video of a talker producing a beat gesture on either the
�rst or second syllable. When presented with a beat gesture on the �rst syllable,
participants were more likely to perceive stress on the �rst syllable (e.g., CON-
tent) but when the beat gesture was aligned to the second syllable they were
more likely to perceive stress on the second syllable (e.g.,conTENT). The au-
thors called this effect the �manual McGurk effect� (Bosker & Peeters, 2021),
relating it to the classic McGurk effect, an audiovisual speech effect reported by
McGurk and MacDonald (1976). This gestural effect has since been replicated in
Spanish (Rohrer et al., 2025), in online remote testing and with more subtle beat
gestures (Bujok et al., 2025; Rohrer et al., 2025). Moreover, this effect is robust
and can even be found in a 10 minutes online mini-test (Cos et al., 2024; Maran
& Bosker, 2024). Furthermore, the beat gestures appear to affect audiovisual
lexical stress perception in real time (Bujok, Meyer, & Bosker, 2024) and have
lasting effects on subsequent audio-only perception too (Bujok, Peeters, Meyer,
& Bosker, 2024). However, these studies exclusively investigated the in�uence
of beat gestures on isolated lexical stress minimal pairs (e.g.,CONtentvs. con-
TENT). Hence the in�uence of beat gesture alignment on the stress perception
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of words without lexical stress competitor in larger sentence contexts remains
unknown.

From a recent study on iconic gestures we know that gestures can have pre-
dictive properties and thus speed up responses (ter Bekke et al., 2024), as their
onset often precedes speech (e.g., Donnellan et al., 2022; FerrØ, 2010; ter Bekke
et al., 2024). Similarly, beat gestures have been found to affect neural oscilla-
tions as early as 100 ms before word onset (Biau & Soto-Faraco, 2013, 2015;
Biau et al., 2015), which is associated with prediction of upcoming words (Ar-
nal & Giraud, 2012). Furthermore, beat gestures appear to highlight relevant
words, as evidenced by electrophysiological markers (e.g., P300 P600) and
thus facilitate their processing (Dimitrova et al., 2016; Holle et al., 2012). Al-
together, this literature leads to the prediction that beat gestures could lead to
faster word recognition when compared to audio-only perception. However,
these facilitatory effects were observed in EEG activity, but no behavioral effect
has yet been established. Moreover, these studies have focused on general word-
level alignment and have thus not speci�cally controlled for within-word syllabic
alignment. Hence, it remains unclear if only beat gestures that are congruently
aligned to the stressed syllable facilitate word recognition, with incongruently
aligned beat gestures (e.g., on an unstressed syllable) hindering it.

The present study aims to investigate how word recognition in a sentence
context is affected by beat gestures and their within-word alignment. An estab-
lished method to investigate word recognition is the lexical decision task (Meyer
& Schvaneveldt, 1971). When presented with written (Rubenstein, Gar�eld,
& Millikan, 1970) or auditory (McCusker, Hillinger, & Bias, 1981) words and
non-existing pseudowords, participants are tasked to respond as fast as possible
whether the presented stimulus was a word or not. The response time (RT) is
generally faster for words than pseudowords, re�ecting cognitive mechanisms
such as lexical access in word recognition (López Zunini, Baart, Samuel, & Arm-
strong, 2020). Auditory lexical decision (for review see Goldinger, 1996) has
been found to be modulated by properties of the word such as frequency, and
crucially for this study lexical stress. Words with higher frequency are responded
to faster than low frequency words (McCusker et al., 1981; Slowiaczek & Pisoni,
1986). Moreover, correctly stressed words are responded to faster than incor-
rectly stressed words (Slowiaczek, 1990). Finally, lexical decision is also sensi-
tive to context, whereby RTs are faster when the target is preceded by a seman-
tically (Holcomb & Neville, 1990) or syntactically related prime (for review see
Maran, Friederici, & Zaccarella, 2022), compared to unrelated primes. More-
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over, RTs were faster when target words were embedded in semantically congru-
ent sentences, compared to semantically incongruent or neutral sentences (Ay-
delott & Bates, 2004; Goy, Pelletier, Coletta, & Pichora, 2013; Kroczek, Gunter,
Rysop, Friederici, & Hartwigsen, 2019; Schroºn et al., 2023).

The purpose of the present study is to test the in�uence of beat gestures on
general word recognition. We already know that beat gesture alignment affects
word recognition of isolated minimal stress pairs (Bosker & Peeters, 2021; Bu-
jok et al., 2025; Cos et al., 2024; Maran & Bosker, 2024; Rohrer et al., 2025),
which is arguably the most probable situation where a beat gesture would guide
word recognition, considering the critical role for stress in these words, and the
absence of any other constraining cues. Here we test the role of beat gestures in
word recognition in the other extreme, namely testing words that do not have
a stress competitor, presented in semantically predictable sentence contexts. By
doing so, we aim to extend prior �ndings to more naturalistic contexts.

In an audiovisual lexical decision task, participants were presented with videos
of a talker producing semantically constraining sentence fragments (e.g.,Hij
werd kolonel in het ... [English: he became a colonel in the ...] ) followed by a
predictable disyllabic target word (e.g., LEger[English: army] ) or target pseu-
doword, which was segmentally identical in the �rst syllable (e.g., LEbie). The
talker was either producing a congruent beat gesture on the stressed syllable
(e.g., LEger+ Beat on 1st) or an incongruent beat gesture on the unstressed syl-
lable (e.g., LEger+ Beat on 2nd), or no beat gesture at all. Participants were
tasked to categorize the target as either word or pseudoword as fast as possible.

We expected to �nd that stress-congruent beat gestures would lead to faster
reaction times compared to trials without beat gestures, while stress-incongruent
beat gestures lead to slower reaction times. This would suggest that beat ges-
tures serve as cues to stress even in words without a stress competitor, and even
in a constraining sentence context. Alternatively, we could �nd only facilitatory
effects of congruent beat gestures (but no inhibitory effects of incongruent beat
gestures) or only inhibitory effects of incongruent beat gestures (and no facilita-
tory effects of congruent beat gestures). This would indicate that beat gestures
affect word recognition only sometimes. Another possibility was that we would
�nd faster reaction times for all trials with beat gestures than trials without beat
gestures, regardless of within-word beat gesture alignment. This could mean
that in constraining sentences and in the absence of lexical competitors, global
word-level alignment of beat gestures is relevant while within-word alignment is
not critical. Still, considering the constraining nature of the materials employed,
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observing any effect of beat gestures on lexical decision would already argue in
favor of a strong integration between contextual, acoustic, and visual features
in language comprehension, mirroring previous research on iconic gestures (ter
Bekke et al., 2024) and beat gestures (Biau & Soto-Faraco, 2013, 2015; Dim-
itrova et al., 2016). Finally, if we �nd that beat gestures do not in�uence lexical
decision at all, it would suggest that other cues, such as auditory stress and sen-
tence context, already provide suf�cient cues for word recognition and that beat
gestures are likely only used when necessary for lexical disambiguation (Bosker
& Peeters, 2021; Bujok et al., 2025; Rohrer et al., 2025).

5.2 Method

5.2.1 Participants

Prior to data collection we estimated statistical power by means of a series of
Monte Carlo Simulations (N iterations = 1000; Kumle et al., 2021) using Gen-
eralized Linear Mixed Models (Bates et al., 2015). We simulated data for the
word trials (i.e., no pseudowords) with an estimated mean difference between
congruent beat vs. incongruent beat of approximately 50 ms. This estimate was
based on data from a previous categorization experiment (Bujok et al., 2025),
albeit using different stimuli. Our power analysis revealed that with a sample
of 54 participants, we would reach suf�cient power of 0.84. See the OSF page
(https://osf.io/8vsfq/ ) for the R code implementing this power analysis.

Hence, 54 participants (46 female, 7 male, 1 gender not reported), were re-
cruited from the Max Planck Institute for Psycholinguistics participant database.
Median age was 21.5 (SD= 3.64, range = 18 � 33). Participants gave informed
consent to participate in the study, which was approved by the Ethics Committee
of the Social Sciences department of Radboud University (project code: ECSW-
2019-019). All participants were native speakers of Dutch, and reported normal
or corrected-to-normal vision, no hearing or language de�cit. Participants were
�nancially compensated for their participation.

5.2.2 Materials

We selected 192 disyllabic Dutch words balanced across stress pattern and fre-
quency. Half of the words had a strong-weak (SW) stress pattern (i.e., stress on
the 1st syllable) and the other half a weak-strong (WS) stress pattern (i.e., stress
on the 2nd syllable). Within the SW and WS words, half of the words had high

https://osf.io/8vsfq/
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frequency (Zipf Score > 4) and half low frequency (Zipf Score < 4) (see Table
5.2 in Appendix, 5.5). Each word was embedded in a semantically constraining
sentence in the sentence �nal position. The �nal word was considered the target
of the sentence and will therefore be referred to as such.

We reused some sentences from previous studies (n= 79, used in HustÆ,
Nieuwland, & Meyer, 2023), including their reported Cloze probabilities for the
sentence-�nal target words (i.e., likelihood of the target word, given the sen-
tence context). The remaining sentences (n= 113) were created for the pur-
pose of this experiment, and their Cloze probabilities determined in a pretest:
Participants who did not participate in the main experiment (N = 10) were pre-
sented with the sentences with the target word missing, and asked to complete
the sentences with one word. From their responses, we calculated the Cloze
probability of the intended target word (i.e., proportion of sentence completion
with target word). The Cloze probability indicates how likely the target was
in the given sentence. Cloze probabilities con�rmed that the targets were the
most likely words to complete the sentences (mean cloze= 0.89, range = 0.6
� 1.0; see Table 5.2 in Appendix, 5.5). Finally, based on the targets, we created
pseudowords so we could test these items in a lexical decision task. We kept the
�rst syllable of the target and changed the �nal syllable to create unique pseu-
dowords. The �rst syllable between target and pseudoword was thus identical,
which made a lexical decision only possible after the �rst syllable offset. Based
on previous research (Kelley & Tucker, 2022) we reasoned that this would delay
response times (RTs) and discourage responses before the onset of a late beat
gesture (i.e., beat on the 2nd syllable).

A female native speaker of Dutch recorded all sentences (audio only) in a
sound-attenuated booth. She read each sentence twice, once with the target and
once with the pseudoword. The audio recordings were automatically annotated
in WebMAUS Basic (Kisler, Reichel, & Schiel, 2017; Schiel, 1999). The automatic
annotations were checked and if necessary adjusted manually, speci�cally with
regards to the relevant timepoints such as: target onset, 1st syllable vowel onset,
2nd syllable onset, 2nd syllable vowel onset, and target offset. We then created
video-recordings of the same talker in front of a neutral background, with a
framerate of 50 frames per second. The talker was instructed to produce an
up-and-down beat gesture that they would use to emphasize a word. The video
was cropped to 1080 x 1080 square with the talker centered in the middle of
the screen, with the face masked with a black square, to eliminate potential
facial cues of lexical stress. We then combined this single video with the audio
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recordings by aligning the timing of the vowel onset of either the �rst or second
syllable to the timing of the beat gesture apex in the video (point of maximum
extension; see Figure 5.1). This resulted in stimuli with an average alignment
difference of 208 ms (range = 98 ms � 333 ms) between beat gestures on the
�rst vs. on the second syllable. Additionally, we combined the same audio with
a video of the talker standing still, to create control items without beat gesture.
The resulting audiovisual video stimuli had a mean duration of 7251 ms (range
= 2578 ms � 8571 ms).

Figure 5.1: Stimuli Overview. Videos of the talker standing still (no Beat) and
videos of the talker producing a beat gesture were combined with
audio recordings of the talker producing a Dutch sentence ending in
a word or pseudoword. A beat gesture could be aligned with its apex
(i.e., point of maximum extension) to the �rst (green) or second syl-
lable (orange) of the sentence-�nal target (blue). This resulted in
six different combinations (3 Video x 2 Stress) per item. Orange and
green lines show the approximate trajectory of the beat gesture. En-
glish translation of the sentence: �He became a colonel in the army�.

5.2.3 Design and Procedure

The experiment was run in Presentationfi software (Version 18.0, Neurobehav-
ioral Systems, Inc., Berkeley, CA) and presented on a 24� full HD screen with a
refresh rate of 144 Hz. Participants were seated at a distance of approximately
60 cm from the screen. Audio was presented through high quality headphones
(beyerdynamic DT 770 PRO 32 Ohm) at a comfortable volume.
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We created 6 unique input lists, containing all 192 sentences but with differ-
ent permutations per item of the two variables: Beat (no-Beat vs. Bo1[Beat on
1st] vs. Bo2 [Beat on 2nd] ) x Lexicality (word vs. pseudoword). Every partic-
ipant received one of these 6 input lists for the task (counter-balanced across
participants). In other words, every participant heard every sentence, but some
received it paired with a word or pseudoword, and either without a beat gesture
or with a beat gesture on the �rst or second syllable.

Participants were �rst presented with a practice round with four sentences
(SW-word + Bo1; WS-word+ no-Beat; SW-pseudoword+ Bo2; WS-pseudoword
+ no-Beat) not included in the main experiment (for the stimuli list see Table 5.1
in the Appendix, 5.5). That was followed by the main experiment, where they
were presented with the stimuli in a random order in an explicit lexical decision
task (see Figure 5.2). On each trial, participants were �rst presented with a �x-
ation cross for 500 ms, followed by a video of a talker in the center of the screen
and the two response options (�word� vs. �pseudoword�) on both side of the
screen. Participants were instructed to decide whether the sentence-�nal target
was a Dutch word or a pseudoword by pressing a button on a buttonbox, cor-
responding to the response options on the screen. The position of the response
options was counterbalanced between participants. Participants were asked to
respond as fast and accurately as they could. After a response, a 500 ms blank
screen was presented before the next trial began. If participants failed to respond
within 3000 ms after video offset, they automatically moved on to the next trial.
Additionally, we included eight catch trials, pseudorandomly spread through-
out the experiment, to ensure that participants kept looking at the screen. In a
catch trial, participants saw written instructions (no video, no audio) on screen
to press any button as fast as possible. The time limit for catch trials was 3000
ms. After half of the trials, participants were given the chance to take a break.
The duration of the experiment was approximately 35 minutes.

5.2.4 Analysis

Data from all correct trials, excluding outliers (RTs ± 3 SDs from the mean), were
analyzed with linear mixed effects models, with the log-transformed RTs as the
dependent variable, to meet model assumptions for normality. First, we ran a
joint model on all trials to compare RTs on words and pseudowords. Next, we
separated the data in two subsets (i.e., words and pseudowords) and ran sepa-
rate analyses for each subset. For the subset with words we included frequency
as a predictor, but not for the subset with pseudowords as they have a frequency
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Figure 5.2: Overview of a trial sequence.Participants were presented with a video
of a talker producing a sentence. Participants had to decide whether
the sentence-�nal target was a Dutch word or a pseudoword as fast
as possible. In the videos, the talker was sometimes standing still
and sometimes producing a beat gesture, either aligned to the �rst
or second syllable of the sentence-�nal target.

of zero. The code and output from all models are publicly available on OSF
(https://osf.io/8vsfq/ ).

5.3 Results

Participants responded correctly on 99.54% of the catch trials, indicating they
were paying attention to the screen. Performance on the lexical decision task
was at ceiling, with approximately 98% accuracy for words and pseudowords;
the worst performing participant still had an average 88% accuracy. We excluded
all trials with incorrect responses. Additionally, we removed responses that were
too early (i.e., before word onset) or ± 3 SDs from the mean as they were clas-
si�ed as outliers ( 1.65%). We performed the analyses on the remaining trials
( 96.3%). Raw RT data are summarized in Figure 5.3. As the �gure shows,
responses were generally slower in the no-Beat condition than in the Bo1 and
Bo2 conditions. The RTs for the latter two conditions appear not to differ much
from each other for either SW or WS stress patterns, suggesting that responses
were not faster when gestural timing and lexical stress matched than when they
mismatched.

The statistical analyses of the log-transformed RTs con�rmed this impression.
For the �rst analysis including all trial types (i.e., words and pseudowords), we
used linear mixed-effects models, with Lexicality (categorical, dummy coded:

https://osf.io/8vsfq/
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word coded as 0; pseudoword coded as 1), Stress (categorical, deviation coded:
SW coded as -0.5; WS coded as 0.5), Condition (categorical, reference coded:
no-Beat [ intercept] , Bo1, Bo2), and all their interactions as predictors. The de-
pendent variable was the log-transformed RTs. Additionally, we included ran-
dom intercepts for Item and Participant, including random slopes for Lexicality
for both random effects. Models with more complex random effects structures
failed to converge.

The model revealed a signi�cant effect of Lexicality, with generally faster
responses to words than pseudowords (� = 0.047, SE = 0.010, z = 4.51,
p < 0.001). Moreover, we found effects of Condition for the contrast between
no-Beat and Bo1 (� = � 0.063, SE = 0.006, z = � 11.05, p < 0.001) and the
contrast between no-Beat and Bo2 (� = � 0.061, SE = 0.006, z = � 10.58,
p < 0.001). Models with a relevelled Condition prediction did not reveal evi-
dence for a signi�cant Bo1 vs. Bo2 contrast (� = 0.003, SE= 0.006, z = 0.481,
p = 0.631), nor any evidence that this particular contrast interacted with Stress
( � = 0.004, SE= 0.011, z = � 0.332, p = 0.74). Thus, these outcomes reveal
faster RTs on trials with a beat gesture compared to trials without beat gesture,
irrespective of their timing. This general facilitatory effect of beat gestures inter-
acted with Lexicality. The effect of Bo1 was smaller for pseudowords than words
( � = 0.029, SE= 0.008, z = 3.57, p < 0.001). Similarly, the effect of Bo2 was
also smaller for pseudowords than words (� = 0.026, SE = 0.008, z = 3.17,
p = 0.002). In summary, this suggests that beat gestures are generally bene�cial
and lead to faster reaction times than trials without beat gestures. Crucially, this
effect is largest for word trials and smaller for pseudoword trials.

Moreover, we found that the contrast between no-Beat and Bo1 interacted
signi�cantly with Stress ( � = 0.024, SE = 0.011, z = 2.10, p = 0.035). This
means that in comparison to the overall effect across both stress patterns, re-
sponse times were even faster on trials with SW stress, where Bo1 was actually
congruent with the acoustic stress pattern. For the contrast between no-Beat
and Bo2, a similar interaction with Stress did not reach signi�cance ( � = 0.020,
SE= 0.011, z = 1.77, p = 0.076), suggesting similar response times for trials
with SW and WS stress. Finally, we found three-way interactions for Bo1, Stress,
Lexicality ( � = � 0.037, SE= 0.016, z = � 2.27, p = 0.023), and for Bo2, Stress,
Lexicality ( � = � 0.043, SE= 0.016, z = � 2.63, p = 0.009), warranting inde-
pendent analysis of word trials and pseudoword trials (given below). To summa-
rize, the full model revealed faster reaction times for words than pseudowords,
and greater beat gesture facilitation for words than pseudowords. We found the
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largest effect of beat gestures for SW words with a congruent beat gesture on
the 1st syllable.

Figure 5.3: Response times for words (top panel) and pseudowords (bottom panel).
For illustrative purposes the plots show raw response times, but the
analysis was run on log-transformed response times. Additional,
zoomed-in sections of the main plot (right panels) show the response
time differences more clearly. Participants responded generally faster
to words than pseudowords. Additionally, participants responded
faster on trials with beat gestures (green and orange) than on tri-
als without beat gestures (grey). This effect was larger for words
(ca. 47 ms faster) than pseudowords (ca. 27 ms faster). There were
no RT differences for trials with beat gestures aligned to the �rst syl-
lable (Beat on 1st ; green) and trials with beat gestures aligned to
the second syllable (Beat on 2nd ; orange).
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Next, we ran a model on the subset of trials with words. Again, this model
included the log-transformed RTs as the dependent variable. As predictors, we
included the same Stress and Condition predictors, but this time supplemented
by the additional predictor Frequency (continuous, centered and scaled Zipf fre-
quency) and all predictor interactions. We included random intercepts for Items
and Participants, without random slopes, as more complex models failed to con-
verge.

The model revealed signi�cant effects of Conditions Bo1 (� = � 0.063, SE=
0.006, z = � 10.12, p < 0.001) and Bo2 (� = � 0.061, SE= 0.006, z = � 9.78,
p < 0.001), indicating that RTs were faster on trials with beat gestures than on
trials without beat gestures. This effect was greater for SW than WS trials when
Condition was Bo1 (� = 0.025, SE= 0.012, z = 2.00, p = 0.046), but not when
Condition was Bo2 (� = 0.021, SE= 0.012, z = 1.71, p = 0.088), suggesting
that early beat gestures (i.e., Bo1) speed up RTs the most when presented with
congruent SW stress. Finally, we found no difference in RTs for SW and WS Stress
( � = � 0.015, SE= 0.015, z = � 1.05, p = 0.294), no difference between Bo1
vs. Bo2 (� = 0.002, SE= 0.006, z = 0.35, p = 0.728), no interaction between
Bo1 vs. Bo2 and Stress (� = � 0.004, SE= 0.012, z = � 0.292, p = 0.77), and
no frequency effect on trials without beat gesture (� = � 0.010, SE= 0.007, z =
� 1.36, p = 0.176). However, since the Bo1 vs. Bo2 contrast required relevelling,
we incidentally observed frequency effects on Bo1 trials (� = � 0.017, SE =
0.007, z = � 2.31, p = 0.022) and Bo2 trials ( � = � 0.020, SE = 0.007, z =
� 2.81, p = 0.005), suggesting faster response times for more frequent words,
but only on trials with beat gestures. Importantly, these �ndings were incidental
as there was no interaction of frequency with either Bo1 (� = � 0.007, SE =
0.006, z = � 1.102, p = 0.271) or Bo2 Condition ( � = � 0.011, SE = 0.006,
z = � 1.681, p = 0.093).

Finally, we ran a model on the pseudowords only. This model included the log-
transformed RTs as the dependent variable and the same predictors Stress and
Condition, as well as their interaction. Moreover, the model included random
intercepts for Item and Participant, as well as by-Participant random slopes for
Stress. Again, compared to trials without beat gesture, RTs were faster with
Bo1 (� = � 0.034, SE= 0.005, z = � 6.61, p < 0.001) and Bo2 (� = � 0.035,
SE= 0.005, z = � 6.70, p = 0.001). For Bo2, the effect was larger for WS Stress
than SW Stress (� = � 0.023, SE= 0.010, z = � 2.16, p = 0.031). This means
that participants were even faster at rejecting a pseudoword when a beat gesture
on the second syllable was stress-congruent (i.e., together with WS stress), than
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when it was incongruent (i.e., together with SW stress). For Bo1 trials, no such
interaction with Stress was found. Finally, a signi�cant effect of Stress revealed
that RTs were generally faster for WS than SW Stress (� = � 0.035, SE= 0.014,
z = � 2.50, p = 0.013).

5.4 Discussion

We set out to test whether the within-word level alignment of beat gestures
affected word recognition, even in non-minimal stress pairs in constraining sen-
tence contexts. Speci�cally, we expected beat gestures which were congruently
aligned with word stress (i.e., Bo1 + SW stress; Bo2+ WS stress) to speed up
response times in a lexical decision task, while incongruent beat gestures (i.e.,
Bo1 + WS stress; Bo2+ SW stress) were expected to lead to slower response
times. We found generally faster response times for all trials with beat gestures,
especially on word trials. We did not �nd direct evidence for response time
differences between Bo1 and Bo2 for either stress pattern. That is, we did not
�nd faster response times for stress-congruent beat gestures nor slower response
times for stress-incongruent beat gestures. Still, we did �nd partial evidence that
the word-internal timing of beat gestures facilitates lexical access differently for
SW and WS words. Speci�cally, early beat gestures (i.e., aligned to the �rst syl-
lable) led to faster response times when they were congruently aligned to SW
words vs. when they were incongruently aligned to WS words. In contrast, no
such difference was found for pseudowords. Together, we interpret this evidence
as a facilitatory effect of beat gestures on lexical access, even on words where
stress is less critical (i.e., without stress competitor), and even when embedded
in highly predictable sentences.

Previous electrophysiological research had found that beat gestures can pre-
dict the onset of upcoming words within a phrase (Biau & Soto-Faraco, 2013,
2015) and highlight word prominence visually, which was argued to facilitate
auditory integration (Dimitrova et al., 2016). Our data support these �ndings,
providing the �rst behavioral evidence that word recognition is faster when a
target was accompanied by a beat gesture. Crucially, the effect of a beat gesture
interacted with the lexicality of the target. When the target was a word, the beat
gesture sped up RTs more (by ca. 47 ms) than when it was a pseudoword (by
ca. 27 ms). Hence, we propose that beat gestures not only predict the onset
of relevant targets as suggested by previous studies (Biau & Soto-Faraco, 2013,
2015), but also facilitate the lexical access of highlighted words.
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Importantly, we found bene�ts of beat gestures even when other cues, such
as clear auditory stress signals, absence of stress competitors, and semantically
constraining sentences, already facilitated lexical activation to a large degree.
Presenting words in semantically constraining sentence contexts (vs. unpre-
dictable contexts, like �the next word is�) has been found to speed up response
times (Aydelott & Bates, 2004; Goy et al., 2013), likely due to decreased cogni-
tive effort (Obleser & Kotz, 2011) and prediction of a highly likely target word
(León-Cabrera, Rodríguez-Fornells, & Morís, 2017). Because we were essentially
testing word recognition under ideal circumstances, our results likely present a
relatively conservative estimate of the effect of beat gestures on lexical access.

Although, we found general effects of beat gestures, we were unable to �nd
evidence supporting our hypothesis that stress-congruent beat gestures speed
up lexical decisions, while incongruent beat gestures slow them down. How-
ever, it is possible that we were unable to �nd beat gesture alignment effects
because we tested lexical access under ideal circumstances with many other rel-
evant cues (e.g., clear auditory stress, no stress competitor, constraining sen-
tences). Moreover, the difference in beat gesture alignment between the Bo1
and Bo2 conditions was relatively small (mean = 208 ms, range= 98 ms � 333
ms). Hence it is possible that participants consistently perceived incongruent
beat gestures congruent. In fact, a recent preprint (Ye, McQueen, & Bosker,
2024) suggests that beat gesture with asynchronies of up to+/ - 200 ms are
perceived as temporally closer to the stressed syllable than they really are (i.e.,
temporal attraction). Such perceptual effects likely masked part of the subtle
stress-incongruency in our stimuli. Perhaps more salient stress-incongruency
(e.g., longer words and larger beat gesture misalignments) could reveal differ-
ent response times to words with stress congruent vs. incongruent beat gestures.
Therefore, future work may test under which circumstances beat gesture congru-
ency with stress matters.

Importantly, despite this lack of evidence we did �nd that beat gestures on the
�rst syllable led to the largest effect when they were congruently aligned with
SW words. In contrast, the bene�t from a beat gesture on the �rst syllable was
signi�cantly smaller, when presented with incongruent WS stress. Perhaps, early
beat gestures (i.e., on the �rst syllable) facilitate lexical access for SW words the
most because then the proximity of the beat gesture apex and word onset maxi-
mizes the predictive potential of the beat gestureand it congruently aligns with
the auditory cues to stress. For pseudowords, we found that response times
were faster when a late beat gesture (i.e., on the second syllable) was congru-
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ently aligned to WS pseudowords than when it was incongruently aligned to SW
pseudowords. In other words, when a beat gesture emphasized the segmentally
different syllable of the pseudoword, it might have decreased activation of the
predicted word thus making it easier to reject the pseudoword. Hence, we �nd
partial evidence that within-word alignment of beat gestures affects lexical ac-
cess. However, in less constraining sentences and with different words, or in
more challenging listening conditions (Maran & Bosker, 2024) the exact timing
of beat gestures might be more critical.

From previous studies (Bosker & Peeters, 2021; Bujok et al., 2025; Rohrer et
al., 2025) we know that beat gestures do affect categorization of words that
only differ in lexical stress (e.g., CONtent vs. conTENT). Moreover, (hitherto
unanalyzed) reaction time data from one such study (Bujok et al., 2025, see
OSFhttps://osf.io/4d9w5/ ) revealed a small numerical difference in RTs of
about 50 ms between congruent vs incongruent beat gestures. That is, reaction
times in a two-alternative-forced-choice word-categorization task were slower
when a stimulus had clear auditory stress on one but a beat gesture on the other
syllable, and faster when the auditory and visual stress fell on the same syllable.
However, note that the study was not optimized for RT measurements due to
its design, and never made any claims about it. Moreover, the authors (Bujok
et al., 2025) used a limited set of lexical stress minimal pairs and also included
ambiguous stress cues, meaning that the beat gesture was more critical to make a
response. Still, it corroborates our present �ndings that at least beat gestures on
the �rst syllable speed up lexical access particularly when congruently aligned
with word stress.

Furthermore, the effect of beat gestures might be modulated by the prosodic
focus of the target word within a phrase. For example, Dimitrova et al. (2016)
found electrophysiological evidence for increased attention and facilitated pro-
cessing of words with beat gestures when a word was in a focused position. Con-
versely, they found that beat gestures on words in non-focused position gave rise
to neural signatures of re-processing. In our study targets were made relevant by
the task (i.e., lexical decision on the �nal word) but we did not speci�cally con-
trol for prosodic focus, meaning that some targets might have been produced in
non-focused positions. Although we did not control for focus, we still found that
beat gestures facilitated lexical access. However, it is possible that beat gesture
processing would have been even more bene�cial if the targets had been con-
sistently presented in focus. Similarly, if the words had been presented in focus,
misaligned beat gestures might have hindered word recognition as suggested

https://osf.io/4d9w5/
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by evidence from previous research (Dimitrova et al., 2016). Follow-up studies
may further investigate the relationship of beat gestures, information structure
and prosodic focus in word recognition more closely.

Replicating �ndings from numerous earlier lexical decision experiments, we
found that RTs were generally longer for pseudowords than for words. This
robust �nding is usually attributed to the duration of the search processes re-
quired to establish that a word does, or does not exist in the mental lexicon
(Rubenstein et al., 1970). In addition, we found that participants were gener-
ally slower for SW pseudowords than WS pseudowords which can be explained
by the properties of our pseudowords. That is, all pseudowords started with the
same syllable as the expected target word. Hence, a stressed �rst syllable in a SW
pseudoword likely con�rmed the prediction of the target word (see van Don-
selaar et al., 2005) and thus made it more dif�cult to reject it, once the second
unstressed syllable provided contradicting information that the target is actually
a pseudoword.

An interesting �nding that we had not anticipated was the absence of a word
frequency effect on trials without beat gestures. Generally, participants respond
faster to words with high frequencies than low frequencies (McCusker et al.,
1981; Slowiaczek & Pisoni, 1986). Potentially, frequency effects play a smaller
role when the contextual predictability of a word (i.e., Cloze probability) is high.
In fact, previous studies on speech production have found no word frequency ef-
fects when word probability was controlled (Beattie & Butterworth, 1979) and
reported that probability explained faster reading times better than word fre-
quency (Moers, Meyer, & Janse, 2017). Similarly, EEG studies have reported
smaller frequency effects in electrophysiological activity when a word was more
predictable (e.g., Sereno, Hand, Shahid, Mackenzie, & Leuthold, 2020). Inter-
estingly, we did �nd frequency effects on trials with beat gestures. However, this
was an incidental �nding and we were not able to detect an interaction of Fre-
quency and Condition, so the results have to be interpreted with caution. Still, a
possible explanation that remains to be tested might be that beat gestures high-
lighted the target words visually (see Dimitrova et al., 2016), enhancing word
processing, boosting word frequency effects.

In conclusion, our �ndings show that beat gestures facilitate lexical access re-
gardless of their within-word alignment. Still, we found evidence for further fa-
cilitation of trials with early beat gestures that were congruently aligned with SW
words, suggesting that lexical access is also partially modulated by the within-
word level alignment of beat gestures. Given the highly supporting context in
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which the target words were presented, these outcomes likely present the min-
imal estimate of beat gesture effects on word recognition. This invites further
work on other, more naturalistic listening conditions, presumably showing even
greater effects. This study highlights the importance and inherent multimodal-
ity of our speech perception, showing that even simple beat gestures affect word
recognition.
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5.5 Appendix

Table 5.1:Experimental Items
Item Sentence Target Pseudoword Stress Zipf Freq. Freq. Category Target Cloze Probability

1 De vrouw heeft tranen in haar ogen ozem SW 5.41 high 1
2 Ze kochten een wieg voor de baby beegen SW 5.18 high 1
3 Hij werd een kolonel in het leger lebie SW 5.03 high 1
4 Met zijn mobiel maakte hij veel mooie foto’s fole SW 4.99 high 1
5 Vader zit altijd aan het hoofd van de tafel taden SW 4.92 high 1
6 Hij kon het slot niet openen zonder een sleutel sleupat SW 4.9 high 1
7 Het nachtdier kon erg goed zien in het donker donpoer SW 4.81 high 1
8 Op die manege hebben ze veel paarden paarseul SW 4.66 high 1
9 ’s Morgens zag ze zichzelf in de spiegel spieto’s SW 4.44 high 1
10 De kinderen oefenen de borstcrawl in het oude zwembad zwemkol SW 4.36 high 1
11 De oude dominee leest voor uit de bijbel bijker SW 4.36 high 1
12 Over Martine’s gezicht rolden een paar dikke tranen trabel SW 4.3 high 1
13 Die man in dat harnas is duidelijk een ridder ridlon SW 4.13 high 1
14 Dichtbij mijn haard voel ik de warmte warmko SW 4.02 high 1
15 De peuter wilde spelen met haar vader en moeder moefse SW 5.81 high 1
16 De ouders hadden een zoon en een dochter dochkiet SW 5.34 high 1
17 In Nederland is Willem Alexander de koning koger SW 5.14 high 1
18 De kleinkinderen gingen naar opa en oma ote SW 4.86 high 1
19 Zij kochten een nieuwe oven voor in de keuken keupiel SW 4.72 high 1
20 Bij de grenscontrole toonde de reiziger zijn Nederlands paspoort pasken SW 4.26 high 1
21 De waarzegster voorspelde de jongen zijn toekomst toepoort SW 5.01 high 0.9
22 Hij denkt na over de opwarming van onze mooie aarde aarning SW 5 high 0.9
23 De bekwame piloot landde het grote vliegtuig vliegpel SW 4.95 high 0.9
24 Op de boerderij zijn veel soorten dieren dieger SW 4.73 high 0.9
25 De herbergier zorgt goed voor alle gasten gafker SW 4.72 high 0.9
26 Hans staat niet te dicht bij de lava vanwege de enorme hitte hitbal SW 4.12 high 0.9
27 Het varken neemt een bad in de modder modpel SW 4.1 high 0.9
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Item Sentence Target Pseudoword Stress Zipf Freq. Freq. Category Target Cloze Probability

28 Tijdens de storm werd de onfortuinlijke jongen getroffen door de bliksem blikter SW 4.02 high 0.9
29 Ze droogt zich af met de handdoek handpol SW 4.02 high 0.9
30 Na de marathon was de man helemaal buiten adem a�e SW 4.72 high 0.9
31 Bij zijn date maakte hij een goede eerste indruk incus SW 4.7 high 0.9
32 Een olifant weegt zo’n 6000 kilo kidruk SW 4.45 high 0.9
33 De populairste sport in Nederland is voetbal voetlo SW 4.11 high 0.9
34 In dat cafe geniet ik ’s ochtends van de beste kof�e koften SW 5.12 high 0.8
35 Ze zagen de bliksem en even later hoorden ze de donder donren SW 4.58 high 0.8
36 Met deze gevoelige huid blijf ik liever in de schaduw schaner SW 4.32 high 0.8
37 De acrobaat speelde gisteren in het nieuwe circus cirduw SW 4.14 high 0.8
38 Door de val kreeg de atleet een verzwikte enkel endem SW 5.05 high 0.8
39 De man lust geen ananas op zijn pizza pitzel SW 4.38 high 0.8
40 Migraine is een vorm van hoofdpijn hoofdza SW 4.24 high 0.8
41 Het schip moest aanleggen in de haven hapijn SW 4.23 high 0.8
42 Na de winter volgt de lente lenven SW 4.21 high 0.8
43 De danser kreeg goede cijfers van de jury juder SW 4.49 high 0.7
44 Ik houd niet van die bruggen vanwege de verschrikkelijke hoogte hoogper SW 4.2 high 0.7
45 De voetbalfans keken naar een heel spannende wedstrijd wedtuin SW 4.86 high 0.7
46 In plaats van de waarheid te zeggen bedacht hij een leugen leustrijd SW 4.42 high 0.7
47 De cabaretier stond bekend om zijn droge humor hutel SW 4.29 high 0.7
48 Het ree werd doodgeschoten door de jager jamor SW 4.04 high 0.7
49 Het konijn eet de oranje wortel worger SW 3.78 low 1
50 Zij eet haar soep met een lepel lewar SW 3.7 low 1
51 Het gerecht is gekruid met zout en peper pekos SW 3.58 low 1
52 Het bedrijf doet zowel import als export extier SW 3 low 1
53 Hij klom op het dak met een ladder ladport SW 3.98 low 1
54 Hij slaat de spijker met een hamer hapool SW 3.93 low 1
55 De invalide man zat in een rolstoel roltel SW 3.92 low 1
56 De wilde zebra heeft een heleboel strepen strewal SW 3.78 low 1
57 Ze veegt de vloer met een bezem belar SW 3.58 low 1
58 Ik was mijn haar altijd met dure shampoo shamter SW 3.49 low 1
59 Op de wond plakt ze een pleister pleispoo SW 3.38 low 1
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60 Julia zit op de glijbaan in de oude speeltuin speelmer SW 3.29 low 1
61 Het verkeer stond te wachten voor een stoplicht stopglo SW 3.21 low 1
62 De ober haalde de lege glazen op met een dienblad dientar SW 3.1 low 1
63 Een kameel heeft volgens mij altijd twee bulten bulblad SW 3.01 low 1
64 De actieve tennisser slaat met zijn nieuwe racket rekboot SW 2.97 low 1
65 De jonge kangoeroe paste niet meer in zijn moeders buidel buikan SW 2.87 low 1
66 Hij hangt zijn jas aan de kapstok kapmer SW 2.86 low 1
67 Deze kleine cactus heeft erg veel stekels stepoer SW 2.72 low 1
68 De oude eskimo woont in een iglo ival SW 2.59 low 1
69 Sinterklaas draagt op zijn hoofd een mijter mijdruk SW 2.5 low 1
70 De imker oogst de verse honing hoter SW 3.85 low 0.9
71 Het meisje wil graag een hond als huisdier huisfoel SW 3.76 low 0.9
72 De scholier kreeg voor zijn spreekbeurt een hoog cijfer cijdier SW 3.63 low 0.9
73 Het verse brood werd gebakken door de bakker bakfer SW 3.6 low 0.9
74 Koningsdag is een nationale feestdag feestker SW 3.48 low 0.9
75 Ondanks de droge weersvoorspelling voelde ik net al een druppel druplok SW 3.93 low 0.9
76 De honkballer raakt de bal hard met zijn knuppel knupfa SW 3.86 low 0.9
77 De rijke vrouw droeg om haar pols een sierlijke armband armpel SW 3.79 low 0.9
78 Tijdens het schetsen gebruik ik mijn favoriete potlood potband SW 3.73 low 0.9
79 Alle beroemde acteurs staan op de rode loper lodag SW 3.64 low 0.9
80 De gymleraar blaast heel hard op zijn �uitje �uiper SW 3.57 low 0.9
81 Na het koken doen we gezamenlijk de afwas afting SW 3.58 low 1
82 Hij doet de resten van zijn sigaret in de asbak asde SW 3.49 low 0.9
83 Het klassieke ballet bestaat uit hele goede dansers danbak SW 3.46 low 0.9
84 De visser trok fors aan zijn hengel hengsers SW 3.29 low 0.9
85 Die plant met stekels is een cactus kakpan SW 3.26 low 0.9
86 Bij de parkvijver voerden de kinderen de eendjes eendtus SW 2.95 low 0.9
87 De gitarist vervangt een van zijn snaren snalem SW 2.92 low 0.9
88 De atleet werd beschuldigd van het gebruik van doping dote SW 2.72 low 0.9
89 Ik viel bijna �auw want ik had een te lage bloeddruk bloedping SW 3.99 low 0.8
90 Dit wasmiddel werkt goed tegen vlekken vlekmag SW 3.77 low 0.8
91 Sinterklaas komt weer naar Nederland met de stoomboot stoomtier SW 2.77 low 0.8
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92 De brand werd geblusd door de brandweer brandket SW 3.89 low 0.7
93 Hij kocht een pond vlees bij de slager slaweer SW 3.82 low 0.7
94 De brave schapen volgden altjd de herder herkal SW 3.77 low 0.7
95 Volgens de legende woont de kerstman op de noordpool noordmal SW 3.71 low 0.7
96 Ik sta met de auto op de snelweg in de �le �der SW 3.69 low 0.7
97 Om de Eiffeltoren te bekijken ging Lisa naar Parijs Pataal WS 4.74 high 1
98 Samen met de verhuurder tekende ze het contract conrijs WS 4.55 high 1
99 Na de verkiezingen was de VVD de grootste partij parneu WS 4.35 high 1
100 Haar mobiel heeft in de bergen geen bereik betij WS 4.2 high 0.7
101 Zij zoeken een oplossing voor het probleem proreik WS 5.53 high 1
102 Ik luister het liefst naar klassieke muziek mubleem WS 5.03 high 1
103 Niemand mocht het verder weten; het was hun grote geheim gezoep WS 5 high 1
104 Omdat ze veel te bespreken hadden, voerden ze een lang gesprek genuut WS 4.79 high 1
105 Die dingen lijken wel hetzelfde; ik zie haast geen verschil ver�oef WS 4.73 high 1
106 In ons zonnestelsel is Saturnus de zesde planeet plaschil WS 4.66 high 1
107 ’s ochtends eet ik altijd havermout als ontbijt ontneet WS 4.65 high 1
108 Er zitten 60 seconden in een minuut mibijt WS 4.63 high 1
109 De dochter van een koning noem je een prinses prinheim WS 4.62 high 1
110 Hij moest heel nodig naar het toilet toipie WS 4.59 high 1
111 Het vliegtuig wordt bestuurd door de ervaren piloot pitijn WS 4.48 high 1
112 De dichter schreef een mooi gedicht geteur WS 4.17 high 1
113 Bij dat stedelijke gebied stroomt een vuile rivier ridicht WS 4.72 high 0.9
114 De kameel is zeer belangrijk voor mensen in een woestijn woesvier WS 4.44 high 0.9
115 De mooie prinses woont in een kasteel kaspief WS 4.44 high 0.9
116 Op zijn zestigste ging de vermoeide man met pensioen penvreek WS 4.39 high 0.9
117 Mijn neefje controleert de snaren van zijn gitaar gipect WS 4.06 high 0.9
118 Tijdens carnaval droegen veel mensen een grappig kostuum kosmaat WS 4.04 high 0.9
119 De kerk hoort bij het christelijke geloof getuum WS 5.59 high 0.9
120 De lift is tijdelijk buiten gebruik gekaan WS 5.02 high 0.9
121 De vingerafdruk op het moordwapen is overtuigend bewijs beluk WS 5 high 0.9
122 Een goede baas behandeld zijn medewerkers altijd met respect reswoei WS 4.84 high 0.9
123 De secretaresse had veel papierwerk liggen op haar bureau busoor WS 4.82 high 0.9
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124 De militair is gewond geraakt bij het felle gevecht geteek WS 4.69 high 0.9
125 De tovenaar bedrijft zwarte magie mavecht WS 4.51 high 0.9
126 Hij maakte aantekeningen met pen en papier pagie WS 4.49 high 0.9
127 Onder de kerstboom ligt een groot cadeau capier WS 4.46 high 0.9
128 Toen haar hond overleed deed dat haar groot verdriet versert WS 4.42 high 0.9
129 Brad Pitt is een bekende acteur acdriet WS 4.32 high 0.9
130 De vierde maand van het jaar is april aklet WS 4.24 high 0.9
131 De gewichtsheffer tilt een zwaar gewicht gepril WS 4.23 high 0.9
132 De muziekliefhebber ging naar een klassiek concert conwicht WS 4.14 high 0.9
133 Toen de hotelgasten het brandalarm af hoorden gaan ontstond er paniek patract WS 4.6 high 0.8
134 De trainer wenste het team veel succes sucfal WS 5.01 high 0.8
135 Op de brief stond het verkeerde adres aweer WS 4.76 high 0.8
136 De sluipschutter schoot terug met zijn geweer gedres WS 4.74 high 0.8
137 De schipcontainers waren klaar voor vertrek verpin WS 4.71 high 0.8
138 Volgens de legende was Dracula een vampier vamsiel WS 4.32 high 0.7
139 Hij schiet hem dood met een pistool piftoom WS 5.01 high 0.7
140 Deze veertienjarige pianist heeft duidelijk veel talent tastool WS 4.55 high 0.7
141 Als je vijf keer een 6 dobbelt, heb je gewoon heel veel geluk gevies WS 5.22 high 0.7
142 De ontsnapte leeuw bracht de bezoekers in gevaar gelent WS 4.96 high 0.7
143 De adviseur gaf haar heel helder advies adrist WS 4.52 high 0.7
144 De stoptrein stopt bij elk station stabruik WS 4.44 high 0.7
145 Alle voetbalteams namen dit weekend deel aan een groot toernooi toerloof WS 3.78 low 1
146 Piet kijkt naar de uitbarsting van de grote vulkaan vulnooi WS 3.66 low 1
147 Uiteindelijk vond zij tussen werk en privØ de perfecte balans babor WS 3.98 low 1
148 Tijdens de corona pandemie was er pas na een jaar een werkend vaccin vacploei WS 3.71 low 0.6
149 Met zijn papegaai, ooglapje, en haak was de jongen prachtig verkleed als piraat pivoer WS 3.8 low 1
150 Veel stress is niet goed op lange termijn terraat WS 3.8 low 1
151 De aap schilt een grote, gele banaan bamijn WS 3.72 low 1
152 plasticvervuiling is slecht voor het milieu minaan WS 3.7 low 1
153 Greta Thunberg maakt zich veel zorgen over het opwarmende klimaat kligeuf WS 3.61 low 1
154 In Parijs bezocht ik de Eifeltoren zoals elke toerist toetaar WS 3.59 low 1
155 Zij zat bij het cafe buiten op het terras tervaar WS 3.5 low 1
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156 Een diner waarbij je zelf kiest en opschept noem je een lopend buffet bufras WS 3.5 low 1
157 De beroemde trompettist blies op zijn gouden trompet tromslam WS 3.43 low 1
158 De religie van moslims heet de islam ipkom WS 3.3 low 1
159 Het dier met een heel lange nek is de giraf gifet WS 2.86 low 1
160 De vreetzak hield zich met moeite aan het dieet diraf WS 3.96 low 0.9
161 Flatbewoners kunnen vaak nog wel buiten zitten op hun balkon baltras WS 3.82 low 0.9
162 Ze verwijdert de splinter met de kleine pincet pinkon WS 2.96 low 0.9
163 Zij hangt een lamp aan het plafond plamin WS 3.93 low 0.9
164 Die zure, gele vrucht noem je een citroen cifeel WS 3.72 low 0.9
165 Als je goed tandenpoetst, houdt je een gezond gebit getroen WS 3.61 low 0.9
166 Met Halloween snij ik altijd een gezicht in een pompoen pombit WS 3.4 low 0.9
167 Een gebedshuis voor moslims noem je een moskee mospoen WS 3.39 low 0.9
168 De lever is een orgaan orkee WS 3.39 low 0.9
169 In het Dol�narium zag het meisje een dol�jn doleet WS 3.28 low 0.9
170 De metalen spijker werd aangetrokken door de magneet magloof WS 3.2 low 0.9
171 Een van de bekenste strijkinstrumenten in een orkest is de viool vineet WS 3.63 low 0.6
172 In de strijd gooide de soldaat een granaat gratret WS 3.74 low 0.8
173 De schilder schilderde van de vrouw een prachtig portret porkief WS 3.73 low 0.8
174 De gedroogde bladeren in een sigaret noem je tabak tanaat WS 3.72 low 0.8
175 Omdat hij uit zijn eigen land moest vluchten kreeg de man in Nederland asiel apier WS 3.69 low 0.6
176 Mijn Tshirt is gemaakt van katoen kalet WS 3.7 low 0.8
177 Een ander woord voor friet is patat pamist WS 3.66 low 0.8
178 Aan de zijkant van het raam hing een verduisterend gordijn gortat WS 3.65 low 0.8
179 De schaakmeester begon het spel met het bewegen van een pion pitoen WS 3.5 low 0.8
180 Het dier met twee bulten op de rug heet kameel kadijn WS 3.43 low 0.8
181 Wij dekten de tafel met oma’s zilveren bestek be�eug WS 3.31 low 0.8
182 De belangrijkste specerij in een appeltaart is kaneel kastek WS 3.17 low 0.8
183 Een vrouw die in de landbouw werkt noem je een boerin boeneel WS 2.82 low 0.8
184 Een gedroogde druif noem je een rozijn rorin WS 2.5 low 0.8
185 De oude man rookt een lange sigaar sizijn WS 3.99 low 0.7
186 Op het overheidsbeleid had de ombudsman felle kritiek krigaar WS 3.99 low 0.7
187 De ontdekkingsreiziger zakte langzaam weg in het zompige moeras moetiek WS 3.99 low 0.7
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188 Hij omschrijft het voorval tot in het kleinste detail degaan WS 3.96 low 0.7
189 Het meisje met de tutu danst graag ballet balros WS 3.79 low 0.7
190 Laatst kocht zij een grote bos bloemen bij de bloemist bloeras WS 3.26 low 0.7
191 Een vrouwelijke wolf noem je een wolvin wolon WS 2.36 low 0.7
192 koper, ijzer en zilver zijn allemaal verschillende soorten metaal mevin WS 3.98 low 0.6

P_193* Haar maag deed pijn, dus ging ze naar de dokter dokpen SW 5.38 high 0.6
P_195* In de supermarkt krijg je deze week alles met 50 procent korting korwas SW 3.71 low 1
P_197* Voor de zekerheid maakte zij van het belangrijke document een kopie kotrek WS 4.22 high 0.8
P_200* De vrouw kocht voor haar oude bedframe een nieuw, zacht matras mabak WS 3.71 low 0.8

*Practice items

Table 5.2:Overview Target Zipf frequency & Cloze probability across frequency categories and stress
Target Zipf frequency Target Cloze probability

Stress High freq. Low freq. High freq. Low freq.

SW 4.60 3.44 0.90 0.92
WS 4.63 3.55 0.89 0.85
Mean 4.62 3.49 0.89 0.88





6 j General discussion

The studies presented in this dissertation answer several questions regarding the
in�uence of visual information, such as articulatory cues and beat gestures, on
lexical stress perception, and speech perception more generally. In this general
discussion I will �rst present a summary of the main �ndings of each chapter.
Next, I will combine the insights from all chapters and discuss their implications
on audiovisual processing and integration of lexical stress. Speci�cally, I will
outline a possible model of audiovisual lexical stress perception, which is con-
sistent with the �ndings presented in this thesis. Then I will introduce current
models of audiovisual speech perception and discuss their compatibility with the
present �ndings, as well as suggest areas where they could be expanded. Then
I will brie�y discuss how articulatory cues may affect audiovisual lexical stress
perception. After that, I will focus on the role of beat gestures and discuss the
different ways in which beat gestures can assist speech perception. Finally, I will
explore possible directions of future research, which arise from the conclusions
of this thesis.

6.1 Summary of the main �ndings

In Chapter 2 , I asked the question: �do visual cues affect audiovisual lexical
stress perception?�. As the most fundamental question of this dissertation, this
question needed to be answered before any of the following questions could
be addressed. Speci�cally, I tested the in�uence of two types of visual cues on
lexical stress perception: articulatory cues on the face and beat gestures. In
a behavioral 2AFC task, participants were asked to categorize auditory stress
continua of disyllabic lexical stress minimal pairs (e.g., CONtentvs. conTENT),
ranging from stress on the �rst to stress on the second syllable. These auditory
tokens were presented together with videos of a talker producing a beat ges-
ture on the �rst or second syllable, or without a beat gesture. Moreover, the
articulatory cues of the face were either visually producing stress on the �rst or
second syllable. I could not �nd any effects of these articulatory cues on audio-
visual stress perception. In contrast, I found that participants were more likely
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to perceive stress on the �rst syllable when the beat gesture was aligned to the
�rst syllable of the word, and were more likely to perceive stress on the second
syllable when the beat gesture was aligned to the second syllable. I argue that
these results show that the alignment of a beat gesture with speech is important
for the perception of lexical stress and hence for word recognition and speech
perception in general.

Chapter 3 builds upon the �nding from Chapter 2 and describes an exper-
iment designed to investigate the time-course of beat gesture use in on-line
speech perception. The question was �At what time-point do beat gestures affect
lexical stress perception?�. After establishing that beat gesturesdo affect lexical
stress perception inChapter 2 , Chapter 3 focused onwhen and to what extent
beat gestures do so. In a 4AFC Visual World Paradigm eye-tracking experiment,
participants were presented with the same stimuli as in Chapter 2 while their
eye movements were tracked in real time. As the video stimuli were presented
in the center of the screen, participants were asked to indicate which word the
speaker said by clicking on one of four response options presented in each cor-
ner of the screen. The eye-tracking data showed that when auditory stress was
ambiguous, participants preferably looked at the response option indicated by
the beat gesture (aligned to either the �rst or second syllable), shortly after the
beat gesture, and even when the word was still being uttered. Moreover, I found
that participants showed a smaller preference to the auditory target, when the
beat gesture was con�icting with clear auditory stress information. I conclude
that beat gestures are used on-line in speech perception as soon as they become
available, and even when auditory information alone would be suf�cient.

In Chapter 4 , I addressed the question: �can beat gestures induce long-lasting
changes in lexical stress perception?�. This question expanded on the �ndings
from Chapter 2 and 3 and asked whether the effect of beat gestures on stress per-
ception could also be found in a more implicit task. Speci�cally, in this chapter, I
investigated whether beat gestures could be used to guide speech adaptation. In
an exposure phase, participants were exposed to recordings of lexical stress min-
imal pairs (e.g., CONtentvs. conTENT), where some items were produced with
ambiguous auditory stress. At the same time, they saw a video of a talker either
producing a beat gesture on the �rst or on the second syllable. Crucially, when
auditory stress was ambiguous, participants could make use of the beat gesture
to disambiguate the word. Thus, they could learn whether the speaker’s acous-
tically ambiguous stress cues were intended to refer to either stress on the �rst
or second syllable. Therefore, I expected the beat gestures to lead to adaptation
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and subsequent changed perception of acoustic stress cues in a later audio-only
test phase. The results con�rmed the hypothesis, as participants indeed were
more likely to perceive the same audio recording (without video) as either be-
ing stressed on the �rst syllable or on the second syllable depending on the beat
gesture timing they were exposed to earlier (i.e., aligned to the �rst or second
syllable). I interpret these �ndings as evidence that beat gestures are not merely
used strategically to make decisions about a word, but that they are in fact af-
fecting our speech processing and can induce adaptive changes to our speech
processing.

In the �nal experimental chapter, Chapter 5 , I asked the question �Do beat
gestures affect lexical access in sentence context?�. The purpose of this chapter
was to expand on the �ndings from earlier chapters investigating beat gesture
effects on isolated minimal stress pairs, by testing words without lexical stress
competitors, and embedded in a predictive sentence context. Speci�cally, par-
ticipants had to perform a lexical decision task on the �nal word of constraining
sentences (e.g., �Hij werd kolonel in het LEger� [English: he became a colonel in
the ARmy] ). The word was either combined with a video of a talker producing
no gesture, or a beat gesture on the �rst or second syllable. Importantly, the
beat gesture had no stress-disambiguating function as the target words had no
lexical stress competitor. This, together with the clear auditory stress and the
constraining sentence context made the beat gesture in principle non-essential
to perform the lexical decision task. However, my results showed that partici-
pants generally responded faster when they saw a beat gesture. That is, beat
gestures likely signaled the end of the phrase, which aided faster lexical deci-
sions on the sentence-�nal target. Importantly, beat gestures sped up responses
to words more than responses to pseudowords, which suggests that beat ges-
tures also facilitate lexical access speci�cally. Moreover, I found evidence that
early beat gestures (on the �rst syllable) supported word recognition the most, if
the word itself also had stress on the �rst syllable. This means that the syllable-
level alignment of a beat gesture likely affects lexical stress perception, which
can further facilitate lexical access if it is congruently aligned with lexical stress.
Based on the �ndings in this chapter I conclude that beat gesture effects go be-
yond single word disambiguation. Beat gestures generally highlight words and
speed up lexical access even when abundant other cues are present.
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6.2 Audiovisual lexical stress processing and

integration

The studies presented in this thesis demonstrate how consistently and signi�-
cantly beat gestures can affect speech perception. For example, even when par-
ticipants only passively watched as few as eight videos of a talker using beat
gestures, they adapted their auditory speech perception based on the beat ges-
ture’s alignment with the speech (Chapter 4 , Experiment 4). Moreover, beat
gestures even biased word recognition when auditory cues were clear and suf-
�cient ( Chapters 2 & 3 ). And �nally, beat gesture alignment with speech even
mattered in the presence of other abundant cues (i.e., constraining sentence, no
lexical stress competitor, clear auditory stress cues), as beat gestures on the �rst
syllable facilitated lexical access more when the word was also stressed on the
�rst syllable ( Chapter 5 ). This implies that beat gestures and their temporal
alignment are processed and integrated with speech even when auditory speech
is suf�cient to decode the word. Their use appears to be automatic, which high-
lights the inherent multimodality of speech perception. However, the fact that
the effects of beat gesture alignment were strongest when lexical stress disam-
biguated word pairs (Chapters 2, 3, 4 ), and especially when auditory stress
cues were ambiguous, also indicates that the use of beat gesture timing on word
recognition can be weighted �exibly.

Figure 6.1 illustrates how audiovisual lexical stress perception may work based
on the �ndings from the present study. The model proposes that prosodic fea-
tures are extracted in parallel from the auditory (e.g., acoustic correlates of
stress) and visual modality (e.g., gesture kinematics like beat apex and articula-
tory cues). These prosodic features are not evaluated unimodally. Instead, they
are integrated into multimodal lexical stress information. The combined multi-
modal prosody may serve pragmatic functions (see Loehr, 2012; McNeill, 1992)
which can aid speech perception. For example, it can increase attention (e.g.,
Biau & Soto-Faraco, 2015; Cutler et al., 1997; Dimitrova et al., 2016), highlight-
ing a sentence’s information structure (e.g., contrastive focus; Dimitrova et al.,
2016; Loehr, 2012; McNeill, 1992), and enhance memory recall (e.g., Kushch,
2018; Kushch & Prieto, 2016). It has also been proposed that heightened at-
tention facilitates lexical access (Dimitrova et al., 2016). But the multimodal
prosody may also directly assist lexical access (e.g., Cutler & Van Donselaar,
2001), by providing probabilistic support for lexical stress (e.g., greater support
SW than WS). A possible reason why each modality can affect lexical access to
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different degrees could be due to cue-weighting during integration. For exam-
ple, when auditory stress is ambiguous the beat gestures could be weighted more
heavily than when auditory stress is unambiguous, explaining a bigger beat ges-
ture bias for trials with ambiguous audio. Moreover, it could explain why I found
no evidence for articulatory cues affecting audiovisual perception (Chapter 2 &
3), when another study using the same stimuli in loud background babble did
(Mok, 2022). This modality weighting is possibly also modulated by attention
(Mozolic et al., 2008).

Figure 6.1: Proposed model of audiovisual integration and perception of lexical
stress. Prosodic features are extracted from the speech input (A =
auditory; V = visual). All prosodic features from the auditory ( pA,
e.g., acoustic stress cues) and visual modality (pV, e.g., kinematics,
articulatory cues) are integrated. The combined audiovisual prosody
(pAV) may prepare lexical access, and provide audiovisual lexical
stress information (e.g., on a syllable level). Additionally, audiovi-
sual prosody (pAV) may affect attention, which could affect lexical
access more indirectly. Moreover, attention may affect the extraction
of prosodic features and/ or their integration (e.g., top-down cue-
weighting).

These observations and conclusions may have implications for existing mod-
els of audiovisual speech perception, and thus motivate further revision. Mod-
els of audiovisual speech perception make different assumptions about the tim-
ing of audiovisual integration (early vs. late) and whether speech is processed
amodally or with a dominant modality (for review see Schwartz, Robert-Ribes,
& Escudier, 1998). For example, the Fuzzy Logical Model of Perception (FLMP;
see Massaro, 1998) is a model that proposes that auditory and visual speech
information are processed independently within their respective modalities, and
integrated into an audiovisual percept at a relatively late stage. In contrast the
Supramodal Brain (Rosenblum et al., 2017) proposes that auditory and visual
input are integrated early on and processed together as an amodal percept.
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Models like the FLMP assume separate unimodal processing before integration
and hence relatively ‘late’ integration, which is incompatible with the present
�ndings. Seeing beat gestures in isolation (i.e., without any speech) gives no
indication about lexical stress. It is only when their timing with speech is con-
sidered that they shape the perception of lexical stress. Therefore, a multimodal
evaluation of beat gestures is informative regarding lexical stress, whereas a
unimodal evaluation isn’t. This supports gestalt perception in human communi-
cation, which posits that a multimodal percept is �more than the sum of its parts�
(Trujillo & Holler, 2023). This speaks in favor of beat gestures and other (au-
ditory and visual) prosodic features being integrated without prior evaluation
(i.e., concrete identi�cation of �stressed� vs. �unstressed� syllables). Instead,
the integrated multimodal prosody would offer relative degrees of support for
lexical stress (Figure 6.1). However, note that the FLMP was mainly designed
to deal with ‘talking faces’. There, visual information in the form of articulatory
cues is informative even without the auditory information (e.g., in the case of lip-
or speech-reading, informing about the place of articulation). Hence, when par-
ticipants see a speaker produce/ ga/ , they can unimodally identify the sound as
one where the lips are not touching. This visual identi�cation can cause con�ict
when simultaneously hearing the bilabial sound / ba/ , thus leading to a different
audiovisual percept (e.g., �da�, see McGurk & MacDonald, 1976). Importantly,
a revised version of the FLMP (Jesse, 2005) does not speci�cally mention uni-
modal processing and relative timing of integration. Instead, it proposes that
different visual and auditory features (e.g., voicing, nasality, place of articula-
tion) are integrated at the syllable level. Hence, if this FLMP also considered
prosodic features (see Figure 6.1), it could be compatible with the present �nd-
ings.

The Supramodal Brain clearly states early integration of sensory input. This
appears compatible with the present �ndings that beat gestures affected lexical
stress perception in their temporal alignment with speech. This means that the
auditory and visual modality must have been integrated before they could inform
lexical stress perception (see also Figure 6.1). However, the Supramodal Brain
also assumes that all sensory input is processed amodally. For example, hearing
speech could also activate other senses such as visual and motor representations
(e.g., lip movements), because they are assumed to involve shared representa-
tions. For example, having seen someone speak (i.e., in a lip-reading task) can
facilitate later audio-only perception of that speaker (Schelinski, Riedel, & von
Kriegstein, 2014). It is unclear how beat gestures could be processed amodally.
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That is, seeing a beat gesture likely does not activate a concrete auditory repre-
sentation of stress because its stress cue is in its temporal alignment with speech.

All in all, the results presented in this thesis posit that lexical stress perception
is multimodal. Auditory and visual information are likely integrated relatively
early into multimodal prosody. As such the beat gesture alignment with speech
can convey lexical stress information, which can guide lexical access directly and
speech perception more broadly. Current models of audiovisual perception do
not specify the in�uence of the timing of gestures and / or the role of multimodal
prosody. However, the evidence presented here motivates the inclusion thereof.

6.3 Articulatory cues

Previous research found that lexical stress cues are perceivable on a speaker’s
face in the form of articulatory cues (e.g., as larger and longer mouth open-
ing; Jesse & McQueen, 2014; Scarborough et al., 2009). InChapter 2 , I con-
�rmed this �nding by demonstrating that participants could indeed perceive lex-
ical stress from seeing a speaker’s face alone. Moreover, I found it with smaller
videos than in earlier studies mimicking more realistically sized faces that we
see in face-to-face communication. However, inChapters 2 and 3 , I did not
�nd evidence that these articulatory cues affected audiovisual stress perception.
This may mean that these cues were not weighted heavily during integration
(Mozolic et al., 2008), but they may still be used in circumstances when audio
is less accessible. In fact, there is some evidence that masking speech in noise,
hence making the auditory information less accessible, enhances the use of vi-
sual articulatory cues to stress (Mok, 2022). This would be consistent with the
idea that top-down processes may affect the weighting of visual information in
audiovisual lexical stress perception (see Figure 6.1). Moreover, the use of ar-
ticulatory cues could be dependent on their bottom-up saliency. For example in
Dutch, lexical stress is mostly expressed suprasegmentally with changes in F0,
duration and intensity (Rietveld & Heuven, 2009). However, lexical stress can
also be expressed with segmental changes (e.g., vowel reduction in unstressed
syllables), which are arguably produced with more salient changes in articula-
tory cues (e.g., changes in place of articulation). In other languages, such as
English, such segmental expression of lexical stress is relatively common (Cut-
ler, 2008, 2015). Therefore, testing audiovisual perception of lexical stress in
English could reveal a stronger contribution of articulatory cues in comparison
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to Dutch because of qualitatively different articulatory cues expressing lexical
stress.

6.4 The role of beat gestures in speech perception

In this thesis I focused primarily on beat gestures and presented evidence that
beat gestures can facilitate speech perception. In fact, the �ndings presented in
this thesis suggest that beat gestures may bene�t speech perception in more than
one way. In the following I will discuss three potential functions in which beat
gestures may assist word perception.

The �rst function of beat gestures could be facilitation of speech perception
by helping predict the onset of upcoming words, as the onset and preparation
of beat gestures generally precedes word onset (Leonard & Cummins, 2011).
This has been proposed by previous studies based on electrophysiological data
(Biau & Soto-Faraco, 2013, 2015). In this thesis, I present the �rst behavioral
data supporting this claim. Speci�cally, in Chapter 5 , I found that beat gestures
generally speed up responses to a sentence-�nal target. Participants reacted
faster when a beat gesture was present vs. when it was absent. Importantly, this
effect was found for both words and pseudowords, meaning that beat gestures
helped predict the onset of a task-relevant target regardless of its lexicality. This
may be explained by beat gestures generally increasing attention (see Figure
6.1) and thus indirectly preparing a fast response to an anticipated target.

Aside from general prediction and response preparation a second function of
beat gestures could be preparing lexical access speci�cally. This is supported by
my �ndings in Chapter 5 , as beat gestures sped up responses more for words
than pseudowords. This likely means that the beat gesture helped prepare lex-
ical access, which facilitated acceptance of words more than rejection of pseu-
dowords. Beat gestures are generally aligned to prominent words (Krahmer
& Swerts, 2007; Leonard & Cummins, 2011; Shattuck-Hufnagel & Ren, 2018),
which usually convey new or important information (Umbach, 2004). There-
fore, beat gestures may signal the onset of relevant words, which require fast
and ef�cient lexical access. In fact, one study found electrophysiological evi-
dence suggesting that beat gestures could facilitate lexical access (Dimitrova et
al., 2016). However, that study found facilitation effects only when the words
were also acoustically prominent within the phrase (for review see Ladd & Ar-
vaniti, 2023). In contrast, in Chapter 5 I found behavioral evidence for lexical
stress facilitation even without considering phrasal prominence. Still, it is possi-
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ble that the facilitation effects of beat gestures on lexical access could be stronger
if the words are also prominent within the phrase. This would also be consis-
tent with the proposed model of audiovisual lexical stress perception (see Figure
6.1), where the combined multimodal prosody facilitates lexical access. Alterna-
tively, it is also possible that this facilitation of lexical access is indirectly guided
by attention (see Dimitrova et al., 2016).

A third function of beat gestures could be aiding word recognition through
their connection to lexical stress. Since beat gestures are generally aligned to
stressed syllables (Leonard & Cummins, 2011; Shattuck-Hufnagel & Ren, 2018),
their relative alignment with speech can be used to draw inferences about the
position of stressed syllables. Syllables which are accompanied by a beat gesture
are perceived as more stressed, and the perceived stress pattern aids in identify-
ing a lexical item (see Bosker & Peeters, 2021). These effects are very robust and
have been replicated several times in the present thesis as well as other studies
(Bosker & Peeters, 2021; Cos et al., 2024; Maran & Bosker, 2024; Rohrer et al.,
2025). The relationship between beat gestures and lexical stress can be illus-
trated clearly in lexical stress minimal pairs (e.g., �CONtent� and � conTENT�),
where the position of lexical stress is critical, as it is the only disambiguating
feature. Participants were biased to perceive stress on the �rst syllable when
the beat gesture was aligned with the �rst syllable. Conversely, they were more
likely to perceive stress on the second syllable when the beat gesture was aligned
with the second syllable. Importantly, I found biasing effects of beat gestures on
lexical stress perception across different degrees of ambiguity on stress continua
ranging from SW and WS. Beat gestures were thus not only used when auditory
categorization failed, and not only to disambiguate words. These data suggest
that beat gestures are genuinely used as visual stress cues, and that lexical stress
is considered multimodally in audiovisual speech perception (see Figure 6.1).

This view is supported by evidence fromChapter 3 showing that beat gestures
affected perception in real time, mirroring results from studies on auditory stress
cues (Jesse & McQueen, 2014; Reinisch et al., 2010). Incongruently aligned beat
gestures even reduced preferential looks to the auditory target, when auditory
stress cues were clear and suf�cient. Data fromChapter 5 indicate that beat
gesture alignment with auditory stress might matter even when lexical stress
is not a disambiguating factor. That is, the largest facilitation effect on lexical
access was found when both auditory and visual stress (i.e., beat gesture) indi-
cated word-initial stress. Finally, in Chapter 4 , I found that beat gestures were
processed as lexical stress cues, even when they were not task-relevant. Mere
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passive exposure to as few as eight audiovisual stimuli could bias later audio-
only stress perception. This points to automatic processing and integration of
beat gestures with speech. Perhaps the adaptation and later bias to perceive am-
biguous auditory stress cues as either stressed or unstressed could be explained
by the earlier exposure phase introducing these ambiguous auditory stress cues
into the lexicon as part of an unambiguous multimodal percept of lexical stress.

If beat gesture alignment is indeed genuinely considered as a visual stress cue
in natural conversation, the �ndings presented in this thesis should generalize
to other words. Free stress languages can have more stress pairs than tested in
this thesis, and even polysyllabic stress pairs (see example list at Bosker, 2024,
, e.g., ACHTeruitgangvs. achterUITgang). Moreover, there are languages, such
as Spanish, where such minimal pairs are very common as they form part of the
regular verb conjugation system (e.g.,CANto[ I sing] vs. canTÓ [he sang] ). And
in fact, in Spanish similar effects of beat gestures on lexical stress have been
observed (Rohrer et al., 2025). Finally, lexical stress can be temporarily disam-
biguating. That is, there are words that start with the same syllables but have
a different stress patterns (OCtopusand okTOberstart with the same two syl-
lables: /Ok.to/ ). From studies of auditory-only perception we know that this
stress information can disambiguate words earlier than segmental information
alone (i.e., before the onset of the third syllable; van Heuven & Hagman, 1988)
and hence speed up word recognition (Cutler & Van Donselaar, 2001; Jesse &
McQueen, 2014; Reinisch et al., 2010). Similarly, beat gestures as visual stress
cues could function in the same way, guiding ef�cient word recognition. How-
ever, further research is needed to con�rm the generalizability of beat gestures
as visual stress cues to other words.

6.5 Future directions

Beat gestures are not the only visual cues that are temporally aligned with speech.
Other gesture types also align to the same prosodic features as beat gestures
(Pouw & Dixon, 2019; P. Wagner et al., 2014). In fact, it has been suggested that
some parts of iconic gestures could be de�ned as beats (Kendon, 1983). There-
fore, their temporal alignment might serve similar functions as beat gestures,
affecting lexical access of words by guiding lexical stress perception. However,
other gestures can also have inherent meaning by themselves (e.g., emblematic
gestures), be semantically related to speech (e.g., iconic or metaphoric gestures)
or refer to the outside world (deictic gestures). This might make it dif�cult to



6 General discussion 157

determine the unique contribution of temporal gesture alignment on percep-
tion. For example, iconic gestures are often produced slightly before the lexical
af�liate in speech (Morrel-Samuels & Krauss, 1992) and thus could facilitate
lexical access, both with its temporal alignment and the gesture’s form depicting
meaning. Still, future studies could compare the effect of temporal alignment
of different gesture types on prosody perception to determine whether beat ges-
tures are unique in their function to guide lexical stress perception or if other
gestures can ful�ll the same function, even if only as their secondary function.

Aside from manual gestures, there are other visual cues that could facilitate
speech perception. For example, head nods can signal turn-taking and af�r-
mation (E. Z. McClave, 2000), and eyebrow movements can signal discourse
structure (Flecha-García, 2010) and communicate social actions (Nota, Trujillo,
& Holler, 2021; Nota, Trujillo, Jacobs, & Holler, 2023). Crucially, just like beat
gestures, head nods and eyebrow movements are aligned with prosodic aspects
of speech (Alexanderson, House, & Beskow, 2013; Ambrazaitis, Svensson Lund-
mark, & House, 2015; Esteve-Gibert, Borràs-Comes, Asor, Swerts, & Prieto, 2017;
Flecha-García, 2010; Krahmer & Swerts, 2007). Head nods and eyebrow move-
ments can also affect the perceived prominence of words (Carignan, Esteve-
Gibert, L�venbruck, Dohen, & D’Imperio, 2024; Krahmer, Ruttkay, Swerts, &
Wesselink, 2002; Krahmer & Swerts, 2007). Eyebrow movements often co-occur
with stressed syllables (Scarborough et al., 2009) and have even been found
to speed up lexical stress perception in L2 learners of Spanish (Leal-Arenas &
Huensch, 2024). This implies that other visual cues can also guide lexical stress
perception if they are temporally aligned with speech. However, previous re-
search found that not all visual cues affected lexical stress perception equally.
For example, moving discs affected electrophysiological activity less than beat
gestures (Biau, Morís FernÆndez, Holle, Avila, & Soto-Faraco, 2016; Holle et al.,
2012), and disembodied moving hands did not affect lexical stress perception
(Jesse & Mitterer, 2011). Therefore, mere temporal alignment with speech is
likely not suf�cient to affect word recognition. Rather, it is also important that
a visual cue is meaningful in a communicative context.

This thesis presents experimental evidence showing how beat gesture align-
ment with speech can affect word recognition by guiding lexical stress percep-
tion and visually highlighting relevant words. These effects appear to emerge
automatically and even in the abundance of many other cues, such as highly
constraining sentences (Chapter 5 ). Hence it is likely that these experimen-
tal �ndings would also generalize to more naturalistic face-to-face communica-
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tion, which is arguably noisier and less predictable. For example, speech can
be degraded (e.g., conversation in a busy cafe) and research has demonstrated
increased use of visual information when speech was less accessible in noise
(Miranda et al., 2021; Stacey et al., 2020). We know that beat gestures are pro-
duced very frequently (McNeill, 1992; Shattuck-Hufnagel & Ren, 2018; Vignozzi,
2019), which means that beat gestures could be particularly useful at guiding
lexical stress perception, and hence word recognition. Especially if beat gesture
use can be �exibly weighted, as the data from this thesis suggest (e.g., largest
effects for ambiguous audio), it is likely that beat gesture effects on lexical stress
perception would be even greater when speech is presented in noise. Another
way in which beat gestures could be very useful in face-to-face communication
is in speeding up turn-taking. Recent studies found that iconic gestures speed
up responses to questions (Holler, Kendrick, & Levinson, 2018; ter Bekke et al.,
2024). Similarly, in Chapter 5 , I found that beat gestures help predict the onset
of a sentence-�nal word. Considering that on a phrasal level gestures tend to be
produced at phrase-initial and phrase-�nal positions (Rohrer, Delais-Roussarie,
& Prieto, 2023), they could be useful cues for speeding up turn-taking. However,
this has to be further tested, as the advantage of iconic gestures could also be
explained through their semantic content rather than their timing alone (Holler
et al., 2018; ter Bekke et al., 2024).

Moreover, future studies could take into account that gesture production, specif-
ically beat gesture production, can be quite variable (Rohrer et al., 2023). Al-
though beat gestures generally align with stressed syllables and prominent words
(Krahmer & Swerts, 2007; Leonard & Cummins, 2011; Shattuck-Hufnagel & Ren,
2018), this is not always the case. People vary in the frequency and form of
their gesture production (for review see Kopple, 2014). Such variability can
also be found in auditory stress production (Severijnen et al., 2024) and hence
it is possible that visual stress production can also be variable. For example,
the frequency of gesture production can be different depending on the speaker’s
age (Colletta et al., 2015) and gender (Kavakli & Chen, 2014) or task demands
(Kita & Davies, 2009). Similarly, some individuals bene�t more from gestures
than others (for review see Özer & Göksun, 2020). For example, individuals
with autism spectrum disorder (ASD) have been found to struggle with integrat-
ing beat gestures as effectively as neurotypical individuals (Hubbard, McNealy,
Scott, Callan, & Dapretto, 2009) and often have dif�culties in understanding
prosodic cues (Zhou, Ma, & Zhan, 2020). Therefore, it could be tested if and to
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what degree different individuals use different cues when processing audiovisual
speech.

Aside from variability between speakers, beat gestures can also be variable
within a single speaker (e.g., Leonard & Cummins, 2011; Rohrer et al., 2023). It
is unclear how much this variability poses a problem for an observer. InChapter
5, I presented evidence that beat gestures facilitated lexical access, even when
beat gestures where incongruently aligned with auditory lexical stress. This in-
dicates that listeners are tolerant to some gesture-speech variability. In fact, one
study found that when beat gestures were misaligned with speech by no more
than 200 ms they were perceived as synchronous (Leonard & Cummins, 2011).
This is consistent with �ndings from a recent preprint that found that partici-
pants perceived temporal misalignments of beat gesture and stressed syllable as
60% smaller than they actually were (i.e., temporal attraction; Ye et al., 2024).
This implies that a slightly asynchronous beat gestures (e.g., apex at 100 ms after
a syllable’s pitch peak) could still serve as cues to lexical stress on that particular
syllable. However, perceiving beat gestures that arrive up to 200 ms too early or
too late could also change the perceived syllable-level alignment. That is, they
could be perceived on the previous or next syllable, which could make it dif�-
cult to effectively disambiguate stress pairs. Therefore, it is important to better
assess to what extent gesture-speech variability affects perception. It is possible
that the integration window of beat gestures and speech is smaller than 200 ms,
but that it is simply not perfectly captured by overt judgments of gesture-speech
synchrony.

Another interesting direction of research could explore the effect of beat ges-
ture timing in different languages, because the function of beat gestures could be
different depending on the prosodic features of the language. In Dutch, I found
that beat gestures helped in disambiguating words by guiding lexical stress per-
ception. However, some languages (e.g., French) have �xed stress (for review
see Cutler, 2008), where lexical stress is placed at �xed positions within a word
(e.g., always on the �nal syllable). This means that lexical stress, and by exten-
sion beat gestures, can never disambiguate two words. However, as I pointed
out earlier I found that beat gestures also helped predict the onset of upcoming
words and also facilitated lexical access in general. These effects of beat gestures
may be universal across languages. Moreover, the advantage for predicting the
onset of words might be even greater in languages with �xed stress, where stress
is less variable within the word. Especially if stressed syllables are word-initial
(e.g., Finnish and Czech) or word-�nal (e.g., French), beat gestures might be
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more informative indicators of word onsets. Therefore, studying beat gestures
in other languages could inform us on universal and language-speci�c effects of
beat gestures. Moreover, it would further our cross-linguistic understanding of
gesture integration.

6.6 Conclusions

The effect of beat gestures and their timing on lexical stress perception has been
�rst reported by Bosker and Peeters (2021). This thesis built on that �nding
and demonstrated in multiple studies and different experimental designs how
impactful beat gestures actually are. These seemingly meaningless hand move-
ments that we use so frequently (McNeill, 1992; Shattuck-Hufnagel & Ren, 2018;
Vignozzi, 2019), turn out to be very meaningful in their timing with speech. I
found that even relatively small gestures can in�uence the perception of lexical
stress and can lead to very fast and lasting changes in our perception. Lastly,
I found that beat gestures are used and support word recognition and lexical
access, demonstrating the inherent multimodality of our speech perception sys-
tem. The �ndings presented here suggest that in speech perception we con-
tinuously and automatically integrate both auditory and visual information in
speech perception, exploiting their close temporal relationship. Therefore, even
the simplest gestures can signi�cantly in�uence how we perceive speech.
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Nederlandse samenvatting

Wanneer we een persoonlijk gesprek met iemand voeren horen we niet alleen
hun stem. We zien ook hun gezichtsuitdrukkingen en handgebaren, die invloed
kunnen hebben op onze waarneming van hun spraak. Bijvoorbeeld als iemand
een �duim omhoog� laat zien begrijp je dat deze persoon iets goedkeurt of aan-
geeft dat iets goed is. Maar niet alle gebaren hebben zo een duidelijke betekenis.
In werkelijkheid zijn de meeste gebaren simpele, ritmische handbewegingen die
op het eerste gezicht betekenisloos lijken. Toch kunnen zelfs deze eenvoudige
gebaren een betekenisvolle invloed hebben op onze spraakwaarneming.

Deze ritmische gebaren worden soms ‘beat-gebaren’ genoemd, omdat ze een
soort ‘beat’ aangeven en meestal samen geproduceerd worden met het ritme van
onze spraak. Beat-gebaren komen meestal voor bij woorden of lettergrepen, die
met meer nadruk worden uitgesproken. Ze kunnen ook direct beïnvloeden hoe
we spraak waarnemen, omdat een beat-gebaar woorden en lettergrepen opval-
lender kan maken wat uiteindelijk zelfs de betekenis van een woord kan ver-
anderen. Denk dan bijvoorbeeld aan de Nederlandse woorden �CONtent� en
� conTENT�, die alleen maar in de positie van de klemtoon verschillen. Als ik
�content� zou zeggen, terwijl ik een beat-gebaar op de eerste lettergreep maak
dan zou je de klemtoon ook eerder op de eerste lettergreep waarnemen en dus
het zelfstandig naamwoord �CONtent� horen. Maar als ik het beat-gebaar op
de tweede lettergreep zou maken dan zou je eerder het bijvoeglijk naamwoord
� conTENT� horen. Dit betekent dat de timing van beat-gebaren kan bepalen
wat we horen. Dit proefschrift behandelt de vraag wanneer en in welke mate
beat-gebaren de spraakwaarneming in het Nederlands beïnvloeden. Dit is inte-
ressant, omdat het inzicht kan geven in hoe onze hersenen multimodale spraak
verwerken en het kan benadrukken hoe belangrijk visuele informatie van zelfs
de eenvoudigste gebaren in spraakwaarneming is.

Dit proefschrift bevat een inleiding, vier hoofdstukken met vier verschillende
empirische studies en een algemene discussie. InHoofdstuk 1 geef ik een over-
zicht van eerder onderzoek en motiveer ik de studies die in de volgende hoofd-
stukken worden gepresenteerd. InHoofdstuk 2 presenteer ik de invloed van de
timing van beat-gebaren en het zien van mondbewegingen op de waarneming
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van Nederlandse woordparen zoals �CONtent� en � conTENT�. In vergelijking met
een eerdere studie, die het effect van beat-gebaren op woordwaarneming aan-
toonde gebruikte ik subtielere en natuurlijkere beat-gebaren. Daarnaast keek ik
ook naar hun gecombineerd effect met zichtbare uitspraak op het gezicht, zoals
mondbewegingen. Ik kon eerdere bevindingen repliceren die lieten zien dat een
beat-gebaar invloed kan hebben op het woord dat je waarneemt. Dat gebeurt
zelfs wanneer het beat-gebaar relatief subtiel is en je het gezicht van de spreker
kunt zien. Daarentegen vond ik geen effecten van het zien van een gezicht en
mondbewegingen. Deze uitkomsten tonen aan dat niet alle visuele cues de au-
diovisuele klemtoonwaarneming evenveel beïnvloeden, maar beat-gebaren wel
een belangrijke rol spelen.

In Hoofdstuk 3 behandel ik de vraag wanneer precies het effect van beat-
gebaren op woordherkenning optreedt. In dit experiment werden deelnemers
opnieuw dezelfde video’s getoond als in het voorgaande hoofdstuk en moesten
ze op het woord (gepresenteerd op het scherm) klikken dat ze waarnamen. Te-
gelijkertijd werden hun oogbewegingen gemeten met een eye-tracker. Omdat
oogbewegingen erg snel zijn, kon ik zien wanneer deelnemers naar welk woord
keken, zelfs voordat ze erop klikten. En inderdaad heb ik gevonden dat deelne-
mers naar het juiste woord konden kijken voordat de spreker het volledig had
uitgesproken. Ik ontdekte ook dat beat-gebaren de oogbewegingen direct be-
ïnvloedden. Bijvoorbeeld, bij een beat-gebaar op de eerste lettergreep, waren
mensen al geneigd om naar �CONtent� met klemtoon op de eerste lettergreep te
kijken, terwijl de spreker het woord nog aan het uitspreken was. Deze resultaten
tonen aan dat beat-gebaren continu worden geïntegreerd met wat we horen en
beïnvloeden wat we waarnemen zodra ze verschijnen. Zelfs al is het woord nog
niet volledig uitgesproken.

In Hoofdstuk 4 presenteer ik een reeks experimenten waarin ik testte of het
effect van een beat-gebaar de woordwaarneming �op de lange termijn� zou ver-
anderen. In deze experimenten kregen deelnemers video’s van een spreker te
zien, die woorden met vage klemtoon produceerde. Sommige deelnemers za-
gen de spreker gebaren maken op de eerste lettergreep en anderen op de tweede
lettergreep. Vervolgens luisterden ze naar deze woorden zonder de spreker te
zien. Ik ontdekte dat, afhankelijk van de timing van de beat-gebaren die ze
eerder hadden gezien, de deelnemers dezelfde audio later anders waarnamen.
Bijvoorbeeld, wanneer deelnemers een beat-gebaar op de eerste lettergreep za-
gen, leerden ze dat de ambigue klemtooncues bedoeld waren als klemtoon op
de eerste lettergreep. Daarom interpreteerden ze deze cues later als klemtoon
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op de eerste lettergreep. Daarentegen waren deelnemers die beat-gebaren op de
tweede lettergreep zagen, eerder geneigd de klemtoon bij dezelfde audio op de
tweede lettergreep waar te nemen. Dit toonde aan dat beat-gebaren niet alleen
beïnvloeden wat we op het moment horen. Ze kunnen onze spraakwaarneming
langdurig veranderen door te helpen leren hoe een bepaalde spreker praat, en
dus sturen wat we later horen.

Tot slot onderzoek ik in Hoofdstuk 5 of beat-gebaren zelfs dan woordher-
kenning beïnvloeden als de woorden in ondersteunende context gepresenteerd
worden en klemtoon minder belangrijk is. In Hoofdstuk 2, 3 en 4 testte ik de
invloed van beat-gebaren op woordparen zoals �CONtent� en � conTENT� waar-
bij het enige verschil de positie van de klemtoon was. De klemtooninformatie,
die dus ook met een beat-gebaar werd aangegeven was daarom cruciaal om de
woorden goed te herkennen. In Hoofdstuk 5 daarentegen testte ik de waarne-
ming van woorden zonder �klemtoonconcurrent� in een voorspellende zinscon-
text (bijv. � Hij werd kolonel in het LEger�). Op deze manier was de klemtoon
en het beat-gebaar minder belangrijk, omdat het woord gemakkelijk begrepen
kon worden op basis van de audio en de zinscontext. Deelnemers keken naar
video’s van een spreker die zulke zinnen uitsprak en moesten aangeven of het
laatste woord in de zin een bestaand Nederlands woord was of niet. Ik ontdekte
dat beat-gebaren daadwerkelijk hielpen om het laatste woord sneller te herken-
nen. Ook ontdekte ik dat dit voordeel van het beat-gebaar groter was voor beat-
gebaren op de eerste lettergreep, die overeenkwamen met de klemtoon van het
woord. Deze uitkomsten versterken eerdere conclusies dat beat-gebaren, met
name hun timing met spraak, beïnvloeden wat we waarnemen. Bovendien be-
nadrukt het dat ze de spraakverwerking beïnvloeden zelfs wanneer er al andere
ondersteunende informatie aanwezig is en ze niet strikt noodzakelijk zijn om te
begrijpen wat een spreker zegt.

In Hoofdstuk 6 breng ik uiteindelijk alle conclusies uit de eerdere hoofdstuk-
ken samen. Alles bij elkaar laten de resultaten van dit proefschrift zien dat zelfs
eenvoudige, ritmische beat-gebaren grote effecten kunnen hebben op hoe we
spraak waarnemen. Deze effecten treden snel op, kunnen langdurig zijn en
komen zelfs voor wanneer er al andere informatie is die de woordherkenning
ondersteunt. Deze bevindingen benadrukken het belang van gebaren in spraak-
waarneming en laten zien hoe taal meer is dan alleen klanken. We gebruiken
zowel auditieve als visuele informatie � inclusief de eenvoudigste bewegingen
van de hand � om iemand ef�ciºnt te begrijpen.
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English summary

When we have a conversation with someone in person, we don’t only hear their
voice. We also see their facial expressions and hand movements, which can
also in�uence how we comprehend their speech. For example, when someone
shows you a �thumbs-up� gesture you understand that this person is approving
something or showing that something is good. But not all gestures have a clear
meaning like that. Actually, most gestures are simple rhythmic hand movements,
which might appear meaningless at �rst sight. However, even these simple gestu-
res can have a meaningful in�uence on speech comprehension. These rhythmic
gestures are sometimes called beat gestures, because they have a beat-like qua-
lity and are typically produced in synchrony with the rhythm of our speech. Beat
gestures generally occur on words and syllables that are stressed and produced
with more emphasis than others. But beat gestures don’t just follow the rhythm
of speech, they also directly in�uence how we perceive it. A beat gesture can
make words and syllables appear more prominent, and even change the words
we hear. For example, if I said the Dutch word �content� while making a beat
gesture on the �rst syllable you might be more likely to perceive the noun � CON-
tent�, which is stressed on the �rst syllable. However, if I made the beat gesture
on the second syllable, you might be more likely to perceive the adjective �con-
TENT�, which is stressed on the second syllable. This means that the timing
of beat gestures can shape what we hear. This thesis addresses the question of
when and how much beat gestures affect speech perception in Dutch. This is in-
teresting because it can shed some light on how our brains process multimodal
speech and it can highlight the importance of visual information and even the
simplest of gestures in speech perception.

This thesis contains an introduction, four main chapters presenting four dif-
ferent empirical studies, and a general discussion. InChapter 1 I give an over-
view over previous research and motivate the studies presented in the following
chapters. In Chapter 2 I present the in�uence of beat gesture alignment and vi-
sual articulatory cues on the face on the perception of Dutch word pairs such as
� CONtent� vs. � conTENT�. In comparison to a previous study, demonstrating the
effect of beat gestures on word perception, I used more subtle and naturalistic

193



beat gestures and looked at their combined effect with facial cues. I was able to
replicate previous �ndings that a beat gesture can affect the word you perceive,
even when the beat gesture is relatively subtle and you can see a speaker’s face.
In contrast, I couldn’t �nd any effects of facial articulatory cues on audiovisual
stress perception. These outcomes demonstrate that while not all visual cues
affect audiovisual stress perception equally, beat gestures do play an important
role.

In Chapter 3 I address the question of when in time the beat gesture effect on
word recognition emerges. In this experiment participants were again presented
with the same videos as in the previous chapter, and had to click on the word
(presented on screen) they perceived. At the same time, I was measuring their
eye-movements with an eye-tracker. Because eye-movements are very fast, I
could see when participants looked to which word, even before they clicked
it. And indeed, participants were able to look at the correct word even before
the speaker �nished speaking it. I also found that beat gestures affected the
eye-movements in real time. For example, when a beat gesture was aligned to
the �rst syllable people were already biased to look at � CONtent� with stress
on the �rst syllable, even while the speaker was still uttering the word. These
results show that beat gestures are continuously integrated with what we hear
and affect what we perceive as soon as they appear, and even before the word
has been fully spoken.

In Chapter 4 I present a series of experiments, where I tested if the effect
of a beat gesture would change word perception �long-term�. In these expe-
riments, participants were presented with videos of a talker producing ambi-
guously stressed words. Some participants saw the talker make gestures on the
�rst syllable and others on the second syllable. Next, they were listening to these
ambiguously stressed words without seeing a talker. I found that depending on
the beat gestures they saw earlier, participants later perceived the same audio
differently. For example, when participants saw a beat gesture on the �rst syl-
lable they learned that the ambiguous stress cues were intended to be stress on
the �rst syllable. Therefore, they later perceived these cues as stress on the �rst
syllable. In contrast, participants who saw beat gestures on the second syllable
were more likely to perceive the same audio as stress on the second syllable. This
showed that beat gestures not only affect what we hear in the moment. They
can lastingly change our speech perception and shape what we hear later on by
helping people learn about how a given speaker talks.
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Finally, in Chapter 5 I examine if beat gestures even affect word recognition,
when words are presented in already highly supportive contexts, where stress is
less critical. In Chapter 2, 3 and 4 I tested the in�uence of beat gestures on word
pairs like � CONtent� vs. � conTENT�, where the only difference was the position
of word stress. Therefore, the stress information, which is also expressed with a
beat gesture, was relevant to the tasks. In Chapter 5 I tested the perception of
words without a �stress competitor�, in a facilitating sentence context (e.g., � He
became a colonel in theARmy�). This way, the word stress, and by extension the
beat gesture, was less important because the word could be easily understood
from audio and sentence context alone. Participants watched videos of a talker
saying such sentences and were asked to indicate if the sentence-�nal word was
a legal word in Dutch or not. I found that beat gestures actually helped in recog-
nizing the �nal word faster than when seeing it without a gesture. I also found
that this bene�t of the beat gesture was larger for early beat gestures on the �rst
syllable, when it was correctly aligned with word stress. These outcomes rein-
force previous conclusions that beat gestures, speci�cally their alignment with
speech, affect what we perceive. Moreover, it highlights that they affect speech
processing even when there is other supporting information already and they
are not strictly necessary to understand what the talker is saying.

In Chapter 6 , I �nally bring together all conclusions from the earlier chapters.
All in all, the results from this thesis show that even these simple rhythmic beat
gestures can have great effects on how we perceive speech. These effects happen
quickly, can be long-lasting, and even occur when other information already
supporting word recognition is present. These �ndings highlight the importance
of gestures in speech perception and thus show how language is more than just
sounds. We use both auditory and visual information � including the simplest
�icks of the hand � to understand someone ef�ciently.
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Deutsche Zusammenfassung

Wenn wir ein Gespräch mit jemandem persönlich führen, hören wir nicht nur
seine Stimme. Wir sehen auch seine Gesichtsausdrücke und Handbewegungen,
die unser Verständnis seiner Rede beein�ussen können. Zum Beispiel versteht
man bei einem �Daumen hoch�-Zeichen, dass diese Person etwas gutheißt oder
zeigt, dass etwas gut ist. Doch nicht alle Gesten haben eine so klare Bedeutung.
Tatsächlich sind die meisten Gesten einfache, rhythmische Handbewegungen,
die auf den ersten Blick bedeutungslos erscheinen mögen. Doch selbst diese
einfachen Gesten können einen wesentlichen Ein�uss auf das Sprachverständnis
haben.

Diese rhythmischen Gesten werden manchmal als �Schlaggesten� ("beat gestu-
res") bezeichnet, da sie eine schlagähnliche Qualität besitzen und typischerweise
im Takt unserer Sprache produziert werden. Schlaggesten kommen meist auf
Wörtern und Silben vor, die betont und mit mehr Nachdruck gesprochen werden
als andere. Schlaggesten folgen jedoch nicht nur dem Rhythmus der Sprache,
sondern beein�ussen auch direkt, wie wir sie wahrnehmen. Eine Schlaggeste
kann Wörter und Silben prominenter erscheinen lassen und sogar die Worte än-
dern, die wir hören. Wenn ich beispielsweise das niederländische Wort � con-
tent� ausspreche und dabei eine Schlaggeste auf der ersten Silbe mache, könnte
es sein, dass du eher das Substantiv �CONtent� wahrnimmst, das auf der er-
sten Silbe betont wird. Mache ich hingegen die Schlaggeste auf der zweiten
Silbe, könntest du eher das Adjektiv � conTENT� wahrnehmen, das auf der zwei-
ten Silbe betont wird. Das bedeutet, dass das Timing von Schlaggesten das,
was wir hören, beein�ussen kann. Diese Dissertation beschäftigt sich mit der
Frage, wann und in welchem Maße Schlaggesten die Sprachwahrnehmung im
Niederländischen beein�ussen. Dies ist interessant, da es Aufschluss darüber
geben kann, wie unser Gehirn multimodale Sprache verarbeitet und aufzeigen
kann, wie wichtig visuelle Informationen und sogar die einfachsten Gesten für
die Sprachwahrnehmung sind.

Diese Dissertation umfasst eine Einleitung, vier Hauptkapitel, die vier empi-
rische Studien präsentieren, sowie eine allgemeine Diskussion. InKapitel 1
gebe ich einen Überblick über frühere Forschungen und begründe die in den
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folgenden Kapiteln vorgestellten Studien. In Kapitel 2 zeige ich den Ein�uss
der Ausrichtung von Schlaggesten und visueller artikulatorischer Hinweise auf
das Gesicht bei der Wahrnehmung niederländischer Wortpaare wie �CONtent�
vs. �conTENT�. Im Vergleich zu einer früheren Studie, die den Ein�uss von
Schlaggesten auf die Wortwahrnehmung demonstrierte, verwendete ich subti-
lere und natürlichere Schlaggesten und untersuchte ihren kombinierten Effekt
mit Gesichtshinweisen. Es gelang mir, frühere Erkenntnisse zu replizieren, dass
eine Schlaggeste das wahrgenommene Wort beein�ussen kann, selbst wenn die
Schlaggeste relativ subtil ist und das Gesicht des Sprechers zu sehen ist. Im Ge-
gensatz dazu fand ich keine Effekte von Gesichtshinweisen auf die audiovisuelle
Betonungswahrnehmung. Diese Ergebnisse zeigen, dass zwar nicht alle visuel-
len Hinweise die audiovisuelle Betonungswahrnehmung gleichermaßen beein-
�ussen, Schlaggesten jedoch eine wichtige Rolle spielen.

In Kapitel 3 gehe ich der Frage nach, wann genau der Effekt der Schlaggeste
auf die Worterkennung eintritt. In diesem Experiment sahen die Teilnehmer er-
neut die gleichen Videos wie in dem vorherigen Kapitel und mussten auf das
Wort klicken (auf dem Bildschirm angezeigt), das sie wahrnahmen. Gleichzeitig
maß ich ihre Augenbewegungen mit einem Eye-Tracker. Da Augenbewegungen
sehr schnell sind, konnte ich erkennen, wann die Teilnehmer welches Wort be-
trachteten, noch bevor sie es anklickten. Und tatsächlich konnten die Teilnehmer
bereits das richtige Wort betrachten, bevor der Sprecher es zu Ende gesprochen
hatte. Ich stellte außerdem fest, dass Schlaggesten die Augenbewegungen in
Echtzeit beein�ussten. Zum Beispiel waren die Teilnehmer bei einer Schlaggeste
auf der ersten Silbe bereits geneigt, auf �CONtent� mit Betonung auf der ersten
Silbe zu schauen, während der Sprecher das Wort noch aussprach. Diese Ergeb-
nisse zeigen, dass Schlaggesten kontinuierlich mit dem, was wir hören, integriert
werden und das, was wir wahrnehmen, beein�ussen, sobald sie erscheinen, und
sogar noch bevor das Wort vollständig ausgesprochen wurde.

In Kapitel 4 stelle ich eine Reihe von Experimenten vor, in denen ich un-
tersuchte, ob der Effekt einer Schlaggeste die Wortwahrnehmung �langfristig�
verändert. In diesen Experimenten wurden den Teilnehmern Videos von Spre-
chern mit ambivalent betonten Wörtern gezeigt. Einige Teilnehmer sahen, wie
der Sprecher Gesten auf der ersten Silbe machte, andere auf der zweiten Silbe.
Anschließend hörten sie diese ambivalent betonten Wörter, ohne den Sprecher
zu sehen. Ich stellte fest, dass je nachdem, welche Schlaggesten die Teilnehmer
zuvor gesehen hatten, sie das gleiche Audio später unterschiedlich wahrnah-
men. Zum Beispiel lernten Teilnehmer, die eine Schlaggeste auf der ersten Silbe
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sahen, dass die ambivalenten Betonungshinweise für eine Betonung auf der er-
sten Silbe gemeint waren. Daher nahmen sie diese Hinweise später als Betonung
auf der ersten Silbe wahr. Teilnehmer, die Schlaggesten auf der zweiten Silbe
sahen, neigten hingegen eher dazu, dieselbe Audiodatei als Betonung auf der
zweiten Silbe wahrzunehmen. Dies zeigte, dass Schlaggesten nicht nur das, was
wir im Moment hören, beein�ussen. Sie können unsere Sprachwahrnehmung
nachhaltig verändern und das, was wir später hören, durch das Erlernen der
Sprechweise eines bestimmten Sprechers formen.

In Kapitel 5 untersuche ich schließlich, ob Schlaggesten die Worterkennung
auch dann beein�ussen, wenn die Wörter in einem stark unterstützenden Kon-
text präsentiert werden, in dem Betonung weniger kritisch ist. In den Kapiteln
2, 3 und 4 habe ich den Ein�uss von Schlaggesten auf Wortpaare wie �CON-
tent� vs. � conTENT� getestet, bei denen der einzige Unterschied die Position der
Betonung war. Die Betonungsinformation, die auch durch eine Schlaggeste aus-
gedrückt wurde, war daher für die Aufgaben relevant. In Kapitel 5 testete ich
die Wahrnehmung von Wörtern ohne �Betonungskonkurrent� in einem unterst-
ützenden Satzkontext (z. B. � Er wurde Oberst in derARmee�). Dadurch waren
die Betonung und somit auch die Schlaggeste weniger wichtig, da das Wort allein
anhand des Klangs und des Satzkontexts leicht verstanden werden konnte. Die
Teilnehmer sahen Videos eines Sprechers, der solche Sätze sprach, und wurden
gebeten anzugeben, ob das letzte Wort des Satzes ein echtes Wort auf Nieder-
ländisch war oder nicht. Ich stellte fest, dass Schlaggesten tatsächlich halfen,
das letzte Wort schneller zu erkennen als ohne Geste. Außerdem stellte ich fest,
dass der Vorteil der Schlaggeste größer war, wenn sie frühzeitig auf der ersten
Silbe gemacht wurde und korrekt mit der Betonung übereinstimmte. Diese Er-
gebnisse bestätigen die bisherigen Schlussfolgerungen, dass Schlaggesten, ins-
besondere deren Übereinstimmung mit der Sprache, das, was wir wahrnehmen,
beein�ussen. Darüber hinaus zeigt sich, dass sie die Sprachverarbeitung selbst
dann beein�ussen, wenn bereits andere unterstützende Informationen vorhan-
den sind und sie nicht zwingend erforderlich sind, um zu verstehen, was der
Sprecher sagt.

In Kapitel 6 fasse ich schließlich alle Schlussfolgerungen aus den vorherge-
henden Kapiteln zusammen. Insgesamt zeigen die Ergebnisse dieser Arbeit, dass
selbst einfache, rhythmische Schlaggesten große Auswirkungen darauf haben
können, wie wir Sprache wahrnehmen. Diese Effekte treten schnell auf, können
langfristig sein und auch dann bestehen, wenn bereits andere Informationen
zur Unterstützung der Worterkennung vorhanden sind. Diese Erkenntnisse un-
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terstreichen die Bedeutung von Gesten bei der Sprachwahrnehmung und zeigen
damit, dass Sprache mehr als nur Töne ist. Wir nutzen sowohl auditive als auch
visuelle Informationen � einschließlich der einfachsten Handbewegungen � um
das Gesagte ef�zient zu verstehen.
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Streszczenie po polsku

Kiedy prowadzimy rozmow�e z kim ·s twarz �a w twarz, nie tylko s�yszymy g�os tej
osoby. Widzimy równie �z jej wyraz twarzy i ruchy r �ak, które mog �a mie ·c wp�yw
na odbieranie jej mowy. Na przyk�ad, gdy kto·s poka�ze ci �kciuk w gór�e�, ro-
zumiesz, �ze ta osoba co·s akceptuje lub pokazuje,�ze co·s jest dobre. Jednak nie
wszystkie gesty maj �a takie wyra·zne znaczenie. W rzeczywisto·sci wi�ekszo·s·c ge-
stów to proste rytmiczne ruchy r �ak, które mog �a wydawa ·c si�e na pierwszy rzut
oka bez znaczenia. Jednak, nawet te proste gesty mog �a mie·c znacz �acy wp�yw
na zrozumienie mowy.

Te rytmiczne gesty s �a czasami nazywane �uderzeniami� (�beat gestures�), po-
niewa�z przypominaj �a rytmiczne uderzenia i zazwyczaj s �a wykonywane razem
z rytmem naszej mowy. Uderzenia zazwyczaj wyst�epuj �a na s�owach i sylabach,
które s �a akcentowane i wypowiadane z wi�ekszym naciskiem ni �z inne. Ale uder-
zenia nie tylko pod �a �zaj �a za rytmem mowy, ale tak �ze bezpo·srednio wp�ywaj �a
na to, jak j �a odbieramy. Uderzenia mog �a sprawi ·c, �ze s�owa i sylaby b�ed �a wy-
dawa·c si�e bardziej wyra·zne, a nawet mog �a zmieni ·c s�owa które s�yszymy. Na
przyk�ad, je·sli powiedzia�bym niderlandzkie s�owo � content�, wykonuj �ac uder-
zenie na pierwszej sylabie, mog�oby to sprawi·c, �ze us�yszysz rzeczownik �CON-
tent�, który jest akcentowany na pierwszej sylabie. Jednak je·sli wykona�bym
uderzenie na drugiej sylabie, bardziej prawdopodobne jest,�ze us�yszysz przy-
miotnik � conTENT�, który jest akcentowany na drugiej sylabie. To znaczy, �ze
moment uderze·n mo�ze wp�yn �a ·c na to, co s�yszymy. Niniejsza praca doktorska
dotyczy pytania, kiedy i w jakim stopniu uderzenia wp�ywaj �a na percepcj�e mowy
w j�ezyku niderlandzkim. Jest to interesuj �ace, poniewa �z mo�ze wyja·sni·c, jak nasz
mózg przetwarza mow�e audiowizualn �a i podkre ·sli·c znaczenie informacji wizu-
alnych, a nawet najprostszych gestów w percepcji mowy.

Praca ta zawiera wprowadzenie, cztery g�ówne rozdzia�y prezentuj �ace cztery
ró �zne badania empiryczne oraz ogóln �a dyskusj�e. W Rozdziale 1 przedstawiam
przegl �ad wcze·sniejszych bada·n i motywuj�e badania przedstawione w kolejnych
rozdzia�ach. W Rozdziale 2 przedstawiam wp�yw momentu uderze·n oraz wizu-
alnej artykulacji mowy, na percepcj�e niderlandzkich par s�ów, takich jak � CON-
tent� i � conTENT�. W porównaniu do wcze ·sniejszego badania, które wykaza�o
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wp�yw uderze·n na percepcj�e s�ów, u �zy�em bardziej subtelnych i naturalnych
uderze·n i zbada�em ich wspólny wp�yw z informacj �a na twarzy. Uda�o mi si�e pot-
wierdzi·c wcze·sniejsze odkrycia,�ze uderzenie mo�ze wp�yn �a ·c na percepcj�e s�owa,
nawet gdy uderzenie jest stosunkowo subtelne i twarz mówi �acego jest widoczna.
W przeciwie·nstwie do tego nie znalaz�em�zadnych efektów wizualnej artykulacji
na audiowizualn �a percepcj�e akcentu. Wyniki te pokazuj �a, �ze cho·c nie wszystkie
wizualne wskazówki wp�ywaj �a na audiowizualn �a percepcj�e akcentu w równym
stopniu, uderzenia odgrywaj �a wa �zn �a rol�e.

W Rozdziale 3 zajmuj�e si�e pytaniem, kiedy dok�adnie pojawia si�e efekt uder-
zenia na rozpoznawanie s�ów. W tym eksperymencie uczestnicy ponownie og-
l �adali te same �lmy, co w poprzednim rozdziale, i musieli klikn �a ·c s�owo (pre-
zentowane na ekranie), które postrzegali. Jednocze·snie mierzy�em ich ruchy
oczu za pomoc �a eye-trackera. Poniewa�z ruchy oczu s �a bardzo szybkie, mog�em
zobaczy·c, kiedy uczestnicy patrzyli na które s�owo, nawet zanim klikn�eli. I rzec-
zywi·scie, uczestnicy byli w stanie patrze·c na poprawne s�owo, zanim mówca
zd �a �zy� je wypowiedzie·c. Odkry�em tak�ze, �ze uderzenia wp�ywa�y na ruchy oczu
bezpo·srednio i na bie�z �aco. Na przyk�ad, gdy uderzenie by�o zsynchronizowane
z pierwsz �a sylab �a, ludzie byli ju �z sk�onni patrze·c na �CONtent� z akcentem na
pierwszej sylabie, nawet gdy mówca jeszcze wymawia� to s�owo. Te wyniki pok-
azuj �a, �ze uderzenia s �a ci �agle integrowane z tym, co s�yszymy, i wp�ywaj �a na
odbieranie mowy gdy tylko si�e pojawiaj �a, a nawet zanim s�owo zostanie w pe�ni
wypowiedziane.

W Rozdziale 4 przedstawiam seri�e eksperymentów, w których bada�em, czy
efekt uderze·n zmienia percepcj�e s�ów �d�ugoterminowo�. W tych eksperymentach
uczestnicy ogl �adali �lmy z osob �a mówi �ac �a, która wypowiada�a s�owa z niewy-
ra·znym akcentem. Niektórzy uczestnicy widzieli, jak mówca wykonuje gesty na
pierwszej sylabie, a inni na drugiej sylabie. Nast�epnie s�uchali tych s�ów z niewy-
ra·znym akcentem, nie widz �ac mówcy. Odkry�em, �ze w zale�zno·sci od uderze·n,
które widzieli wcze ·sniej, uczestnicy pó·zniej ró �znie odbierali to samo nagranie.
Na przyk�ad, gdy uczestnicy widzieli uderzenie na pierwszej sylabie, nauczyli
si�e, �ze niewyra·zne wskazówki akcentu mia�y by ·c akcentem na pierwszej syla-
bie. Dlatego pó·zniej odbierali te wskazówki jako akcent na pierwszej sylabie.
Z drugiej strony, uczestnicy, którzy widzieli uderzenie na drugiej sylabie, byli
bardziej sk�onni s�ysze·c akcent w tym samym nagraniu na drugiej sylabie. To
pokaza�o, �ze uderzenia nie tylko wp�ywaj �a na to, co s�yszymy w danym momen-
cie. Mog �a trwale zmieni ·c nasz �a percepcj�e mowy, pomagaj �ac zrozumie·c jak dany
mówca mówi i w ten sposób kszta�towa ·c to co s�yszymy.
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Na koniec, w Rozdziale 5 badam, czy uderzenia wp�ywaj �a nawet na rozpoz-
nawanie s�ów, gdy s�owa s �a prezentowane w silnie wspieraj �acych kontekstach,
gdzie akcent jest mniej wa�zny. W Rozdziale 2, 3 i 4 bada�em wp�yw uderze·n na
pary s�ów, takie jak � CONtent� i � conTENT�, gdzie jedyn �a ró �znic �a by�a pozycja ak-
centu. Dlatego akcenty, które równie �z by�y wyra�zane za pomoc �a uderzenia, by�y
istotne dla rozpoznania s�ów. W Rozdziale 5 bada�em percepcj�e s�ów bez �kon-
kurenta akcentu� w kontek ·scie zdania wspieraj �acego (np. �Zosta� pu�kownikiem
w ARmii �). W ten sposób akcent, a przez to uderzenie, by� mniej wa�zny, ponie-
wa�z s�owo mog�o by·c �atwo zrozumiane na podstawie samego d·zwi�eku i zdania.
Uczestnicy ogl �adali �lmy z osob �a mówi �ac �a takie zdania i musieli wskaza ·c, czy
ostatnie s�owo w zdaniu by�o prawdziwym s�owem w j�ezyku niderlandzkim, czy
nie. Odkry�em, �ze uderzenia rzeczywi·scie pomog�y w szybszym rozpoznawa-
niu ostatniego s�owa w porównaniu do s�ów bez gestu. Odkry�em równie �z, �ze
ta korzy·s·c uderzenia by�a wi�eksza dla wczesnych uderze·n na pierwszej sylabie,
gdy by�y one poprawne z akcentem. Wyniki te potwierdzaj �a wcze·sniejsze wnio-
ski, �ze uderzenia, a szczególnie ich synchronizacja z mow �a, wp�ywaj �a na nasz �a
percepcj�e. Co wi�ecej, podkre·sla to, �ze wp�ywaj �a one na przetwarzanie mowy,
nawet kiedy inne wspieraj �ace informacje s �a dost�epne, i uderzenia nie s �a ·sci·sle
konieczne, aby zrozumie·c, co mówi mówca.

W Rozdziale 6 w ko·ncu � �acz�e wszystkie wnioski z wcze·sniejszych rozdzi-
a�ów. Podsumowuj �ac, wyniki tego badania pokazuj �a, �ze nawet te proste ryt-
miczne gesty mog �a mie·c wielki wp�yw percepcj�e mowy. Te efekty pojawiaj �a si�e
szybko, mog �a by·c d�ugotrwa�e i nawet wyst�epuj �a, gdy inne informacje wspiera-
j �ace rozpoznawanie s�ów s �a dost�epne. Odkrycia te podkre ·slaj �a znaczenie ge-
stów w percepcji mowy, a zatem pokazuj �a, �ze j�ezyk to wi�ecej ni �z tylko d·zwi�eki.
U�zywamy zarówno informacji d·zwi�ekowych, jak i wizualnych � w tym najpros-
tszych ruchów r�eki � aby efektywnie zrozumie ·c, co kto·s mówi.
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Research Data Managament

Data availability

This thesis contains four Chapters with experimental data. All data were collec-
ted at the Max Planck Institute for Psycholinguistics, including behavioral data
(Chapter 2, 3, 4, 5) and Eye-tracking data (Chapter 3). Participants were recrui-
ted through the MPI database (Chapter 2, 4, 5) and Proli�c (Chapter 4). All data
have been archived and are publicly available on the MPI for Psycholinguistics
Archive. Additionally, all data, including scripts and supplementary materials
are available on the Open Science Framework. Below I provide identi�ers for
each chapter.

Chapter 2

OSF: https://osf.io/4d9w5/ MPI Archive: https://hdl.handle.net/
1839/762e936c-e598-44f4-aab3-3fba733125a9

Chapter 3

OSF: https://osf.io/57dvh/ MPI Archive: https://hdl.handle.net/
1839/da5917d4-17fc-40d5-883f-e1d5688a31cf

Chapter 4

OSF: https://osf.io/s3p6a/ MPI Archive: https://hdl.handle.net/
1839/341d5501-cc32-4eb8-bcbb-32956d2e56a2

Chapter 5

OSF: https://osf.io/8vsfq/ MPI Archive: https://hdl.handle.net/
1839/cdf6845b-3a7a-40ad-b0e9-7e7a2177d863
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