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A B S T R A C T

Face-to-face communication is not only about ‘what’ is said but also ‘how’ it is said, both in speech and bodily
signals. Beat gestures are rhythmic hand movements that typically accompany prosodic prominence in con-
versation. Yet, it is still unclear how beat gestures influence language comprehension. On the one hand, beat
gestures may share the same functional role of focus markers as prosodic prominence. Accordingly, they would
drive attention towards the concurrent speech and highlight its content. On the other hand, beat gestures may
trigger inferences of high speaker confidence, generate the expectation that the sentence content is correct and
thereby elicit the commitment to the truth of the statement. This study directly disentangled the two hypotheses
by evaluating additive and interactive effects of prosodic prominence and beat gestures on language compre-
hension. Participants watched videos of a speaker uttering sentences and judged whether each sentence was true
or false. Sentences sometimes contained a world knowledge violation that may go unnoticed (‘semantic illu-
sion’). Combining beat gestures with prosodic prominence led to a higher degree of semantic illusion, making
more world knowledge violations go unnoticed during language comprehension. These results challenge current
theories proposing that beat gestures are visual focus markers. To the contrary, they suggest that beat gestures
automatically trigger inferences of high speaker confidence and thereby elicit the commitment to the truth of the
statement, in line with Grice’s cooperative principle in conversation. More broadly, our findings also highlight
the influence of metacognition on language comprehension in face-to-face communication.

1. Introduction

Natural face-to-face communication relies not only on speech but
also on bodily signals such as manual gestures (Holler and Levinson,
2019; Kita and Emmorey, 2023; Özyürek, 2014; Vigliocco et al., 2014).
Beat gestures are rhythmic hand movements that do not have a clear
referential component (Dimitrova et al., 2016; McNeill, 1992).
Compared to other types of co-speech gestures, beat gestures are by far
the most frequent; yet, it is still an open question how beat gestures
influence language comprehension (Dargue et al., 2019; Kita and
Emmorey, 2023).

On the one hand, beat gestures may function as visual focus markers
during sentence processing. Accordingly, the co-occurrence of a beat
gesture with a target word embedded in discourse improves later word
recall (Igualada et al., 2017; Llanes-Coromina et al., 2018). Further-
more, ERP evidence suggests that beat gestures, albeit not carrying any

semantic information, may facilitate the semantic integration of words
into sentence context by indexing word saliency (Biau and Soto-Faraco,
2013; Wang and Chu, 2013). Relative to no hand movement, beat ges-
tures elicit a reduction of N400 amplitude (Wang and Chu, 2013), which
reflects the difficulty of word integration into sentence context due to
semantic surprisal (Wang et al., 2009, 2011). Similar reductions of N400
amplitude can be found when a word is focus-marked via linguistic
devices such as question context (Wang et al., 2009), syntactic structure
(Cowles et al., 2007) and prosodic prominence (Swerts et al., 2002).
Together, it is then conceivable that beat gestures drive attention to-
wards the concurrent speech and highlight its content. Thus, in line with
the pragmatic synchrony rule (McNeill, 1992), speech prominence and
beat gestures would have the same pragmatic function. However, at
present no direct behavioural evidence corroborates this interpretation.
A working hypothesis would be that, if a sentence violates world
knowledge, beat gestures would highlight such anomaly and facilitate
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its recognition.
On the other hand, beat gestures may contribute to the pragmatic

interpretation of discourse regarding the trustworthiness of the infor-
mation being communicated. Specifically, beat gestures may express
how confident the speaker is about what they are saying (Brennan and
Williams, 1995). Accordingly, bodily signals such as gaze shifts, head
nods and eyebrow movements influence how listeners grade the
speaker’s level of knowledge in question answering (Kuhlen et al., 2015;
Roseano et al., 2016; Swerts and Krahmer, 2005). For example, speakers
come across as more confident when keeping eye contact with the
listener as opposed to when looking away (Swerts and Krahmer, 2005).
Similarly, beat gestures may trigger inferences of high speaker confi-
dence (Prieto et al., 2018). Consequently, they may drive the expecta-
tion that the sentence content is correct and thereby elicit the
commitment to the truth of the statement. Then, an alternative working
hypothesis would be that, if a sentence violates world knowledge, beat
gestures would overshadow such anomaly and impair its recognition.

In the present study, we directly disentangled these two hypotheses
by evaluating whether and how prosodic prominence, beat gestures and
their combination influence language comprehension. Participants
watched videos of a speaker producing sentences sometimes containing
a slight violation of world knowledge, which may go unnoticed (‘se-
mantic illusion’, Erickson and Mattson, 1981), and they judged whether
each sentence was true or false. We independently manipulated the
presence of prosodic prominence and beat gestures in correspondence to
the word that dictated the presence of the semantic illusion. This
allowed us to test for additive and interactive effects of prosodic
prominence and beat gestures on language comprehension. In line with
its role as focus marker, we expected prosodic prominence to highlight
world knowledge violations and thereby decrease the semantic illusion,
as previously shown (Kristensen et al., 2013; Wang et al., 2011). If beats
shared this same functional role, they would additively decrease the
semantic illusion. If they instead functioned as cues of high speaker
confidence, they would counteract the prosodic effect and thereby in-
crease the illusion. Importantly, we contrasted beat gestures with
grooming gestures (e.g. scratching your own body) that were closely
matched in terms of kinematics but were not perceived as meaningfully
related to the speech they accompanied. If the communicative value of
the hand gesture is critical, the effects found for beat gestures would not
generalize to grooming gestures.

2. Materials and methods

2.1. Participants

The minimally required sample size was N = 90, based on a-priori
power analysis in G*Power (Faul et al., 2009) with power of 0.8 to detect
a small effect size of Cohen’s d = 0.3 at alpha = 0.05. We recruited 120
volunteers either via Academic Prolific (prolific.com) or the recruitment
database of the Max Plank Institute for Psycholinguistics (Nijmegen,
Netherlands). Following a-priori criteria (see section ‘Exclusion
criteria’), 110 participants were included in the analysis and results (38
males; mean age 26, range 18–45 years), considering the notion that
online studies may produce noisier results than laboratory studies. All
volunteers were native speakers of Dutch, with (corrected-to-)normal
vision and hearing, no language-related disorders and no history of
neurological or psychiatric conditions. They provided written informed
consent and received financial reimbursement for their participation.
The study followed institutional guidelines of the local ethics committee
(CMO region Arnhem-Nijmegen, Netherlands).

2.2. Stimuli

We used videos of a speaker producing a sentence in Dutch. In each
video, the actor performed either a beat gesture, a grooming gesture or
no gesture. Crucially, grooming gestures closely matched the beat

gestures’ kinematic trajectory, distance, duration and thus speed. To
increase ecological validity, we used different exemplars of beat and
grooming gestures (Fig. 1A). In a factorial design (see section ‘Experi-
mental design’), we introduced prosodic prominence or a manual
gesture in correspondence to a specific word within each sentence. For
prosody, we manipulated acoustic features that are known to influence
perceived emphasis in Dutch (de Pijper and Sanderman, 1994; Kris-
tensen et al., 2013; Streefkerk et al., 1999). For videos with a manual
gesture, the movement apex was synchronised with the onset of the
corresponding word, in line with the typical temporal alignment be-
tween speech and co-speech gestures (Dimitrova et al., 2016; Leonard
and Cummins, 2011). Each video started and finished with a silent frame
of the speaker holding hands in a still position (Fig. 1B). See Supple-
mentary section 1.1 for more information.

2.3. Experimental design

We independently manipulated the semantic congruence of spoken
sentences (to create the semantic illusion), the presence of prosodic
prominence and the presence of a manual gesture. Thus, the task con-
formed to a 2 (Congruence: yes, no) × 2 (Prosodic prominence: present,
absent) × 3 (Gesture: beat, grooming or no gesture) repeated measures
factorial design (Fig. 1C).

Within each sentence, we manipulated a specific word (defined as
the critical word, CW) along the 3 independent factors: Congruence
(congruent: C+; incongruent: C− ), Prosodic prominence (present: P+;
absent: P− ) and Gesture (beat: B; grooming: G; no gesture: N). Hence,
there were 12 versions of each experimental sentence (Table 1). The
congruence of the CW was manipulated so it either fitted the sentence
context (C+) or violated general world knowledge (C− ), as confirmed
through a validation procedure (see Supplementary section 1.3).
Moreover, we added C− filler sentences to vary the position of prosodic
prominence and gestures relative to CW onset, thereby avoiding its easy
identification. These fillers contained an incongruent CW, but prosodic
prominence and gestures co-occurred with one of the other words in the
sentence. To obtain the same number of congruent and incongruent
sentences in each list, we also added C+ fillers. Here, prosodic promi-
nence and gestures coincided with a word selected from one random
point along the sentence. We created two separate filler lists (C+ and C−
respectively), which were different from the experimental sentences and
were presented to all participants. We created twelve separate experi-
mental sentence lists, such that each participant listened to only one
version of the same experimental sentence (Table 1). In a Latin square
design, each list ([15 experimental sentences/version × 12 versions] +
[15 fillers/version × 8 versions (only sentences with gestures)] = 300
sentences) was presented to the same number of participants (12 lists ×
10 subjects/list).

2.4. Experimental procedure

Participants watched videos of a speaker producing a sentence
(Fig. 1D) and reported as accurately and fast as possible by button press
whether the sentence was true or false in a yes/no forced choice task.
Trials were presented in pseudorandom order without consecutive
repetitions of the same condition.

To assure attention to the screen and to the sentence content
throughout the experiment, participants performed a semantic matching
task (Dimitrova et al., 2016). On catch trials (10% of all trials counter-
balanced across conditions), a single-word question (e.g. ‘Bible?’) was
visually displayed in the centre of the screen after the video’s conclu-
sion. Participants reported by button press whether the word was
semantically related to the preceding sentence in a yes/no forced choice
task. Questions never referred to the CWs (thus, the violations) and
required an equal number of yes/no responses. Participants responded
with high accuracy (93% ± 1%, across-participants’ mean ± SEM),
confirming their vigilance during the experiment.
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Participants completed 5 blocks, each lasting ~8 minutes ([3
experimental sentences/version × 12 versions] + [3 fillers/version × 8
versions]). Before the experiment, they underwent a practice session
with an independent set of 8 sentences to familiarize themselves with
the experimental procedure.

2.5. Experimental setup

The experiment was conducted online via Gorilla Experiment Builder
(Anwyl-Irvine et al., 2020; gorilla.sc). To optimize the audio quality and
minimize distractions, we screened participants for headphone use via a
validated online procedure including dichotic pitch perception and
binaural beat perception (Milne et al., 2021). Participants provided

responses with their right hand using specific keyboard keys (counter-
balanced across participants). Specific a-priori exclusion criteria were
employed to control for proper task execution (see section ‘Exclusion
criteria’).

2.6. Statistical analysis

All analyses were limited to trials without missed responses (i.e. no
answer within 2000 ms), premature responses (i.e. RTs < 100 ms) or
response outliers (i.e. | RT |> 3 SD above each participant’s mean across
conditions). Only few trials were discarded (7.0% ± 0.8%, across par-
ticipants’ mean ± SEM).

We considered three complementary dependent variables. First, we

Fig. 1. Stimuli, experimental design and procedure. A) Participants watched videos of a speaker producing a sentence. The speaker performed either a beat gesture, a
grooming gesture (i.e. adjusting their clothing) or no gesture, thus keeping in still position. To increase ecological validity, we employed four exemplars of beat and
grooming gestures respectively (exemplars were randomly paired to sentences assuring a uniform distribution within conditions and participant). The still frames
show the apex of each movement. B) Each video started and finished with a silence gap of 500 ms with the speaker in still position. For videos without a hand
movement, the actor stayed in this position through the sentence. For videos containing a movement (beat or grooming), the apex was synchronised with the onset of
the corresponding word (i.e. critical word, CW; 0 ms). Accordingly, all movements started 520 ms before the CW and finished 480 ms afterwards. C) We manipulated
the CW along 3 independent factors: Congruence (congruent: C+; incongruent: C− ), Prosodic prominence (present: P+; absent: P− ) and Gesture (beat: B; grooming:
G; no gesture: N). The congruence of the CW was manipulated so it either fitted the sentence context (C+) or violated general world knowledge (C− ). D) Participants
reported whether the sentence uttered by the speaker was true or false in a yes/no forced choice task (response window: 2000 ms; ITI: 800 ms). Sentences were
presented in Dutch to native speakers (here is the English translation). To assure attention to the audiovisual stimuli, we introduced an oddball semantic matching
task: on 10% of all trials, participants reported whether a word presented on screen was semantically related to the sentence they had just heard (response window:
2000 ms; ITI: 800 ms).
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evaluated the probability of correct responses across semantically
congruent (C+) and incongruent (C− ) sentences, i.e. ‘yes’ responses to
C+ sentences and ‘no’ responses C− sentences. Critically, this measure is
agnostic about the nature of participants’ errors. Hence, two subsequent
analyses evaluated participants’ responses for C+ and C− sentences
respectively. We anticipated participants to be highly accurate for C+
sentences, which were preselected to be unproblematic and compatible
with general world knowledge (see Supplementary section 1.3).
Therefore, we expected errors to occur primarily for C− sentences and
evaluated the probability of semantic illusion responses, i.e. ‘yes’ re-
sponses to C− sentences. This measure specifically targeted our phe-
nomenon of interest: if beat gestures functioned as visual focus markers,
they would decrease the semantic illusion; if they instead functioned as
cues of high speaker confidence, they would increase the illusion. For
completeness, we additionally analysed response times for correct trials
(see Supplementary section 1.5).

Responses to individual trials were entered into Bayesian linear
mixed models testing for main effects and interactions in our 2 (Prosodic
prominence: present, P+; absent, P− ) × 3 (Gesture: beat, B; grooming,
G; no gesture, N) factorial design. Using reduced-rank coding, Prosodic
prominence was represented by the contrast [present (P+) > absent
(P− )]; Gesture was represented by the contrasts [no gesture (N) > beat
(B)] and [grooming (G) > beat (B)]; the Prosodic prominence × Gesture
interaction was represented by the contrasts [present (P+) > absent
(P− )] > [no gesture (N) > beat (B)] and [present (P+) > absent (P− )] >
[grooming (G) > beat (B)]. For any significant interactions, we ran post-
hoc comparisons via follow-up models. All experimental factors of in-
terest included the full random effects structure (both intercepts and
slopes) for subjects as well as for items (i.e. sentences). Thus, we were
able to generalize our conclusions across the populations fromwhich our
participants and our sentences were drawn. Models were constructed
using the Python package Bambi v0.13.0 (Capretto et al., 2022; see
Supplementary section 1.4 for details on model specification, estimation
and evaluation). Results are primarily summarized using 94% Highest

Density Intervals (HDI).

2.7. Exclusion criteria

We excluded participants from all analyses if they did not show the
general ability to discriminate between semantically congruent (C+) and
incongruent (C− ) sentences,whichwe anticipated based on thematerials
preselection (see Supplementary section 1.3). For each participant, ‘yes’
responses to C+ sentences were labelled as hits, while ‘yes’ responses to
C− sentences were labelled as false alarms. It follows that:

dʹ
= Z(PH) − Z(PFA)

with PH = proportion of hits, PFA = proportion of false alarms. A dʹ
≤

0 would indicate that a participant could not successfully discriminate
between C+ and C− sentences. Based on this criterion, 10 participants
were excluded from the analyses.

3. Results

3.1. Accuracy

We first evaluated the probability of correct responses across both
congruent (C+) and incongruent (C− ) sentences, i.e. ‘yes’ responses to
C+ sentences and ‘no’ responses C− sentences. Accuracy was signifi-
cantly higher when prosodic prominence was present versus absent;
however, adding beat gestures to prominence decreased accuracy and
effectively counteracted the prosodic effect (Fig. 2A). This translated
into a significant Prosodic prominence × Gesture interaction (Fig. 2B):
the posterior estimates of both interaction contrasts (contrast 1: [P+ >

P− ] > [N > B]; contrast 2: [P+ > P− ] > [G > B]) were significantly
above zero (contrast 1: mean = 0.18, 94% HDI = [0.00, 0.37]; contrast
2: mean = 0.14, 94% HDI = [0.00, 0.32]). Importantly, the Bayesian
analysis allowed us to generalize our conclusions across both the pop-
ulation from which our participants were drawn and the population
from which our sentences were drawn, with contrasts 1 and 2 respec-
tively 96.70% and 93.21% likely to be above zero (Fig. S3A; Table 2).
Follow-up models confirmed that accuracy was significantly higher
when prosodic prominence was accompanied by a still position (P+ [N
> B]: mean = 0.21, 94% HDI = [0.05, 0.38]) or, crucially, when it was
accompanied by a grooming gesture (P+ [G > B]: mean = 0.16, 94%
HDI= [0.03, 0.30]) rather than a beat gesture. Instead, accuracy did not
differ between grooming and no gesture (P+ [N>G]: mean= 0.05, 94%
HDI = [− 0.09, 0.19]). Accordingly, the respective posterior probability
distributions were above zero with 99.38% (P+ [N > B]), 98.98% (P+
[G > B]) and 74.50% (P+ [N > G]) probability (Fig. S3B; Table 2).

Critically, accuracy is agnostic about the nature of participants’ er-
rors. As anticipated, participants’ responses were ~ 90% correct for C+
sentences across all conditions, without any significant effects of pro-
sodic prominence or manual gesture (Fig. S5; Table S1). Hence, we ex-
pected the interactive effect of prominence and beat gestures to
originate from the semantic illusion.

3.2. Semantic illusion

In line with accuracy, we found an interactive effect of prosodic
prominence and beat gestures on the probability of semantic illusion
responses, i.e. ‘yes’ responses to C− sentences. Illusion responses
significantly decreased when prosodic prominence was present versus
absent; however, adding beat gestures to prominence increased the
illusion and effectively counteracted the prosodic effect (Fig. 3A). This
translated into a significant Prosodic prominence × Gesture interaction
(Fig. 3B): the posterior estimates of both interaction contrasts (contrast
1: [P+ > P− ] > [N > B]; contrast 2: [P+ > P− ] > [G > B]) were
significantly below zero (contrast 1: mean= − 0.33, 94% HDI = [− 0.59,
− 0.08]; contrast 2: mean = − 0.20, 94% HDI = [− 0.44, 0.00]). The

Table 1
Exemplification of the 12 versions of one sentence. Critical words (CWs) are in
bold; CWs with prosodic prominence are in capitals; for CWs accompanied by a
manual gesture, the apex of the movement was synchronised with CW onset (see
Fig. 1A-B for gesture types and video structure). The C+ and C− sentences were
identical except for the CWs. For an optimal semantic illusion, we constructed
sentences such that the congruent and incongruent CWs were semantically
related (‘Noah’ and ‘Moses’ in the example). Sentences were presented in Dutch
to native speakers; here is the English translation (see Supplementary section 3.2
for the complete sentence list).

Example sentence by condition
Congruent, Prosodic prominence, Beat
In the book of Genesis, NOAH brought two animals of each kind on the ark.

Congruent, Prosodic prominence, Grooming
In the book of Genesis, NOAH brought two animals of each kind on the ark.

Congruent, Prosodic prominence, No gesture
In the book of Genesis, NOAH brought two animals of each kind on the ark.

Congruent, No prosodic prominence, Beat
In the book of Genesis, Noah brought two animals of each kind on the ark.

Congruent, No prosodic prominence, Grooming
In the book of Genesis, Noah brought two animals of each kind on the ark.

Congruent, No prosodic prominence, No gesture
In the book of Genesis, Noah brought two animals of each kind on the ark.

Incongruent, Prosodic prominence, Beat
In the book of Genesis, MOSES brought two animals of each kind on the ark.

Incongruent, Prosodic prominence, Grooming
In the book of Genesis, MOSES brought two animals of each kind on the ark.

Incongruent, Prosodic prominence, No gesture
In the book of Genesis, MOSES brought two animals of each kind on the ark.

Incongruent, No prosodic prominence, Beat
In the book of Genesis, Moses brought two animals of each kind on the ark.

Incongruent, No prosodic prominence, Grooming
In the book of Genesis, Moses brought two animals of each kind on the ark.

Incongruent, No prosodic prominence, No gesture
In the book of Genesis, Moses brought two animals of each kind on the ark.
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Bayesian analysis allowed us to generalize our conclusions across both
the population from which our participants were drawn and the popu-
lation from which our sentences were drawn, with contrasts 1 and 2
respectively 99.37% and 94.73% likely to be below zero (Fig. S4A;
Table 3). Follow-up models confirmed that illusion responses signifi-
cantly decreased when prosodic prominence was accompanied by a still
position (P+ [N > B]: mean = − 0.25, 94% HDI = [− 0.46, − 0.06]) or,
crucially, when it was accompanied by a grooming gesture (P+ [G > B]:
mean = − 0.21, 94% HDI = [− 0.39, − 0.03]) rather than a beat gesture.
Instead, illusion responses did not differ between grooming and no
gesture (P+ [N > G]: mean = − 0.03, 94% HDI = [− 0.21, 0.16]).
Accordingly, the respective posterior probability distributions were
above zero with 99.21% (P+ [N> B]), 98.77% (P+ [G> B]) and 60.90%
(P+ [N > G]) probability (Fig. S4B; Table 3).

In sum, prosodic prominence increased participants’ comprehension
accuracy (i.e. it decreased the semantic illusion). In line with previous
research (Kristensen et al., 2013; Wang et al., 2011), this result suggests
that prosodic prominence drives attention towards the speech content.
Crucially, beat gestures counteracted the prosodic effect: combining
beat gestures with prosodic prominence led to a higher degree of se-
mantic illusion, making more world knowledge violations go unnoticed
during language comprehension. Such effect did not generalize to
grooming gestures, which were closely matched to beat gestures in
terms of kinematics but were not perceived as meaningfully related to
the concurrent speech. Notably, the present results generalized across all
gesture exemplars used in the present study (see Supplementary section
1.7).

Fig. 2. Accuracy results. A) Across participants’ (left) and across items’ (right) mean correct responses ± SEM shown as a function of Prosodic prominence
(present: P+; absent: P− ) and Gesture (beat: B; grooming: G; no gesture: N). B) Posterior coefficient estimates of fixed effects of the model based on the GLM
equation: logit(C) ∼ 1+ Prosody*Gesture+ (1+ Prosody*Gesture | Subject)+ (1+ Prosody*Gesture | Item), where C = probability of correct response across
C+ and C− sentences. White dots represent the estimated posterior means, thick lines indicate the central quartiles, thin lines represent the 94% Highest Density
Intervals (HDI). Estimates indicate significant results when they do not overlap with zero (dashed horizontal line) as highlighted in blue. In essence, when prosodic
prominence was present (versus absent) accuracy was significantly higher in the presence of a still position or, crucially, a grooming gesture rather than a
beat gesture.

Table 2
Results of Bayesian linear mixed models for accuracy. Posterior coefficient es-
timates are summarized in terms of mean, standard deviation (SD), lower (3%)
and upper (97%) bounds of 94%Highest Density Intervals (HDI). Estimates were
obtained using Markov Chain Monte Carlo simulations with four chains, and
chain convergence was quantified through the rank-normalized r̂ (Vehtari et al.,
2021): upon convergence, the between-chain and within-chain variances are
identical (r̂=1). Models’ fit was assessed by the coefficient of determination R2

for Bayesian linear regression models (Gelman et al., 2019). Labels represent
experimental factors Prosodic prominence (present: P+; absent: P− ) and Gesture
(beat: B; grooming: G; no gesture: N).

Effect Mean SD 94% HDI r̂ R2

Main model 0.36 ± 0.01
Intercept 1.30 0.08 (1.15, 1.45) 1.00
[P+ > P− ] 0.05 0.07 (− 0.09, 0.18) 1.00
[N > B] 0.03 0.08 (− 0.12, 0.18) 1.00
[G > B] 0.01 0.07 (− 0.1, 0.13) 1.00

[P+ > P− ] > [N > B] 0.18 0.10 (0.00, 0.37) 1.00
[P+ > P− ] > [G > B] 0.14 0.09 (0.00, 0.32) 1.00
Follow-up model 1 0.36 ± 0.01

Intercept 1.32 0.08 (1.17, 1.48) 1.00
P+: [N > B] 0.21 0.09 (0.05, 0.38) 1.00

Follow-up model 2 0.36 ± 0.01
Intercept 1.33 0.09 (1.17, 1.49) 1.00

P+: [G > B] 0.16 0.07 (0.03, 0.30) 1.00
Follow-up model 3 0.36 ± 0.01

Intercept 1.45 0.08 (1.30, 1.62) 1.00
P+: [N > G] 0.05 0.07 (− 0.09, 0.19) 1.00
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4. Discussion

Beat gestures are the most frequent and yet least investigated type of
co-speech manual gestures. Consequently, their influence on language
comprehension is at the centre of debate. On the one hand, beat gestures
may share the same functional role of focus markers as prosodic prom-
inence, following the pragmatic synchrony rule (McNeill, 1992).
Accordingly, they would drive attention towards the concurrent speech
and highlight its content, whether true or false. On the other hand, beat
gestures may trigger inferences of high speaker confidence, possibly
driving the expectation that the sentence content is correct. The present
study directly disentangled these two hypotheses by evaluating additive
and interactive effects of prosodic prominence and beat gestures on the
semantic illusion (i.e. judging sentences with world knowledge viola-
tions as correct).

As previously shown (Kristensen et al., 2013; Wang et al., 2011), we
found that prosodic prominence decreased the semantic illusion, namely
it highlighted world knowledge violations. Thus, we corroborate the
conclusion that, by controlling perceived emphasis (de Pijper and
Sanderman, 1994; Streefkerk et al., 1999), prosodic prominence marks
focus during sentence processing: under a “good-enough processing”
framework (Ferreira et al., 2002), it orients our limited attentional re-
sources to focused words in the sentence (Büring, 2007). Crucially, beat
gestures counteracted the prosodic effect: when prominence was pre-
sent, beat gestures led to a higher degree of semantic illusion. Hence,
once prominence highlights the importance of a word, it is not neces-
sarily processed in terms of accurate meaning. Instead, adding beat

Fig. 3. Semantic illusion results. A) Across participants’ (left) and across items’ (right) mean semantic illusion responses ± SEM shown as a function of Prosodic
prominence (present: P+; absent: P− ) and Gesture (beat: B; grooming: G; no gesture: N). B) Posterior coefficient estimates of fixed effects of the model based on the
GLM equation: logit(S) ∼ 1+ Prosody*Gesture+ (1+ Prosody*Gesture | Subject)+ (1+ Prosody*Gesture | Item), where S = probability of semantic illusion
response in C− sentences. White dots represent the estimated posterior means, thick lines indicate the central quartiles, thin lines represent the 94% Highest Density
Intervals (HDI). Estimates indicate significant results when they do not overlap with zero (dashed horizontal line) as highlighted in blue. In essence, when prosodic
prominence was present (versus absent) the semantic illusion decreased in the presence of a still position or, crucially, a grooming gesture rather than a beat gesture.

Table 3
Results of Bayesian linear mixed models for semantic illusion. Posterior coeffi-
cient estimates are summarized in terms of mean, standard deviation (SD), lower
(3%) and upper (97%) bounds of 94%Highest Density Intervals (HDI). Estimates
were obtained using Markov Chain Monte Carlo simulations with four chains,
and chain convergence was quantified through the rank-normalized r̂ (Vehtari
et al., 2021): upon convergence, the between-chain and within-chain variances
are identical (r̂=1). Models’ fit was assessed by the coefficient of determination
R2 for Bayesian linear regression models (Gelman et al., 2019). Labels represent
experimental factors Prosodic prominence (present: P+; absent: P− ) and Gesture
(beat: B; grooming: G; no gesture: N).

Effect Mean SD 94% HDI r̂ R2

Main model 0.39 ± 0.01
Intercept − 0.59 0.11 (− 0.81, − 0.38) 1.00
[P+ > P− ] − 0.05 0.09 (− 0.23, 0.12) 1.00
[N > B] 0.07 0.09 (− 0.10, 0.26) 1.00
[G > B] − 0.02 0.09 (− 0.19, 0.14) 1.00

[P+ > P− ] > [N > B] − 0.33 0.13 (− 0.59, − 0.08) 1.00
[P+ > P− ] > [G > B] − 0.20 0.12 (− 0.44, 0.00) 1.00
Follow-up model 1 0.39 ± 0.01

Intercept − 0.64 0.12 (− 0.88, − 0.43) 1.00
P+: [N > B] − 0.25 0.11 (− 0.46, − 0.06) 1.00

Follow-up model 2 0.38 ± 0.01
Intercept − 0.62 0.11 (− 0.84, − 0.41) 1.00

P+: [G > B] − 0.21 0.09 (− 0.39, − 0.03) 1.00
Follow-up model 3 0.38 ± 0.01

Intercept − 0.83 0.11 (− 1.04, − 0.61) 1.00
P+: [N > G] − 0.03 0.10 (− 0.21, 0.16) 1.00
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gestures appears to drive the expectation that the word content is cor-
rect. The present results challenge current theories proposing that beat
gestures necessarily share the same functional role of focus markers as
prosodic prominence (McNeill, 1992). Instead, our findings indicate that
beat gestures, combined with prominence, contribute to the pragmatic
interpretation of discourse (Prieto et al., 2018). Specifically, they appear
to steer the listener towards a judgement of trustworthiness of the in-
formation being communicated. According to Grice’s cooperative prin-
ciple in conversation (Grice, 1975), this may ultimately elicit the
listener’s commitment to the truth of the statement during language
comprehension. While we propose that this effect is likely driven by
inferences of high speaker confidence (Prieto et al., 2018; see also
Supplementary section 1.6), it is important to note that beat gestures
may not trigger such inferences directly but could do so through medi-
ators such as perceived emotional security or engagement. Crucially,
under either account, our results have clear theoretical implications:
beat gestures can not only mark focus but also interact with prosodic
prominence to function additionally as markers of speaker epistemic
stance. Following recent literature (Lopez-Ozieblo, 2020; Shattuck-
Hufnagel and Prieto, 2019), we propose that beat gestures can be
multifunctional: they contextually interact with speech to co-determine
the final perceived meaning.

In this study, we aligned all gestures to the word onset to maintain
consistency across all conditions (Prosodic prominence: present/absent;
Gesture: beat/grooming) and thereby reduce potential spurious differ-
ences (e.g. attentional differences) across conditions (Dimitrova et al.,
2016). This was crucial because one of our hypotheses explored the
attentional account of beat gestures as focus markers. However, this
alignment choice may not fully reflect natural communication. In nat-
ural speech, the timing of gestures and speech varies significantly
(Loehr, 2012; Rohrer et al., 2023), and beat gestures often align more
closely with stressed syllables within a word (Leonard and Cummins,
2011; Wagner and Watson, 2010). Considering ecological validity,
future research should examine whether different gesture-speech
alignments affect communication.

Importantly, the pragmatic effect of beat gestures did not extend to
grooming gestures, which were closely matched in terms of kinematics
but were not perceived as meaningfully connected to the concurrent
speech. As such, grooming gestures controlled for the presence of bio-
logical motion information, therefore ruling out the possibility that beat
gestures simply distracted the listener because a salient visual event
appeared in the conversational scene. This alternative interpretation is
also incompatible with the specific type of error found for beat gestures:
participants did not exhibit a decline in accuracy for all sentences, which
may point to a general distraction effect; instead, they were systemati-
cally more likely to misjudge sentences carrying violations as being
correct. Combined, these results strongly suggest that the communica-
tive value of the hand movements is crucial in eliciting the listener’s
commitment to the truth of the statement.

More broadly, the present results provide original evidence on how
metacognition influences language comprehension in face-to-face
communication. Although confidence can be expressed at the lexical
level (e.g. using epistemic adverbs such as “surely” or “perhaps”), pre-
vious research shows that bodily signals primarily disambiguate the
speakers’ awareness of their own possession of knowledge (Kuhlen et al.,
2015; Roseano et al., 2016; Swerts and Krahmer, 2005). Beyond this, our
findings suggest that listeners rapidly integrate bodily signals with
speech to interpret utterances in light of speaker metacognitive knowl-
edge and communicative goals. As such, we unveil a direct and
compelling impact of expressed confidence on language comprehension:
bodily communication has the power to shape our perception of truth.
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