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Abstract

Whispering differs from voiced speech in the
lack of fundamental frequency (FO) and is char-
acterized by substantially reduced amplitude.
This production study investigates how head
movements are modulated in whispering when
speakers are visible or not, while producing
polar questions with rising intonation versus
statements with flat intonation. An experi-
ment with 15 German speakers shows that head
movements are more pronounced in questions
than in statements, with the strongest effects
observed in normal questions under mutual
visibility. The findings suggest head move-
ments serve as a flexible multimodal prosodic
resource, aligning with acoustic cues in normal
speech under favorable communicative condi-
tions while functioning independently as com-
pensatory mechanism in whispered speech.

1 Introduction

Communication extends beyond spoken language,
involving both auditory and visual channels. While
speaking, we synchronize head, face, hand, and
body movements with our speech, fulfilling com-
municative functions. These movements are
closely linked to acoustic prosody cues, emphasiz-
ing key information, marking rhythmic pauses, or
signaling sentence types intonation, as e.g. in ques-
tions versus statements (Cavé et al., 1996; Swerts
and Krahmer, 2004; House, 2002; Dohen and Lo-
evenbruck, 2008).

Among these various gestures, orofacial ex-
pressions and head movements such as eyebrow
raises, nods, and head tilts, have been shown to
carry prosodic information, complementing acous-
tic cues like FO. Research has consistently found
significant relation between FO and both orofacial
and head movements. For example, changes in
eyebrow position have been linked to variations
in FO (Cavé et al., 1996; Guaitella et al., 2009),
while rigid head motions also reflect prosodic pat-
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terns (Ishi et al., 2007; Yehia et al., 2002). Impor-
tantly, listeners can distinguish echoic questions
from declarative statements based solely on visual
head dynamics, even in simplified animations that
preserved only rigid head motion indicating that
head-motion cues alone can signal prosodic struc-
ture (Cvejic et al., 2010). In European Portuguese,
a downward head movement (head fall) charac-
terized yes—no questions, whereas statements dis-
played subtler pitch-like head motions (Cruz et al.,
2015).

However, speech communication may occur in
different settings, where speakers may adjust both
verbal and non-verbal behavior to contextual con-
straints, affecting gesture production. One key fac-
tor in this interplay between speech and gesture is
mutual visibility, a physical parameter that can im-
pose varying communicative constraints, affecting
speakers’ strategies to convey their intended mean-
ing effectively. Depending on whether the listener
can see the speaker, the latter must adapt their ver-
bal and non-verbal signals to the constraints of the
physical medium (Bavelas et al., 2008; De Ruiter
et al., 2012; Zygis and Fuchs, 2023).

The role of speakers’ mutual visibility in ges-
ture production has been subject of debate. Some
studies argue that gestures primarily serve the lis-
tener, leading to fewer gestures when the listener
is not visible (Bavelas et al., 1992; Krauss et al.,
1995; Alibali et al., 2001; Emmorey and Casey,
2001). In contrast, others (Rimé, 1982; De Ruiter,
1998; Mol et al., 2011) propose that gestures fa-
cilitate the speaker’s own speech production pro-
cesses rather than serving purely communicative
purposes, in which case visibility should have little
effect. Notably, these studies have predominantly
focused on voiced speech and specific types of ges-
tures such as pointing. The present study manipu-
lates speaker (in)visibility to examine how speech
and head movements interact in whispered speech
mode, where the lack of fundamental frequency
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(FO) imposes an extra communicative constraint.
In this mode, altered phonation produces voiceless
acoustic signals that can challenge speech intelligi-
bility.

Some earlier studies have examined the inter-
action between acoustic signals and orofacial ges-
tures in whispered speech, with no attention to
other body gestures such as head movements. For
instance, Dohen and Loevenbruck (2008) reported
that perception of focus in whispered French im-
proved when auditory and visual cues such as
eyebrow movements were combined. Tao and
Busso (2014) showed that lip movements enhanced
the accuracy of recognizing whisper. Zygis and
Fuchs (2023) revealed higher eyebrow raising in
whispered German questions. Similarly, Mahdi-
nazhad Sardhaei et al. (2022) showed that in Farsi,
facial expressions and word duration adjusted in
whisper to offset the absence of FO, while Mahdi-
nazhad Sardhaei et al. (2024) further showed that
longer word durations and specific orofacial ex-
pressions acted as compensatory mechanisms in
whisper to convey the intonation of a given sen-
tence type. Building on this foundation, our study
shifts the focus from orofacial expressions to head
movements, investigating whether they contribute
to intonational distinctions between yes—no ques-
tions and statements in whisper, where FO is not
available.

This study will examine the interplay between
head movements and acoustic cues of prosody
across sentence types under the above-mentioned
constraints through the lens of two alternative
hypotheses. The first, the trade-off hypothe-
sis (Bangerter, 2004; Melinger and Levelt, 2004;
Van der Sluis and Krahmer, 2004; De Ruiter, 2006;
Van der Sluis and Krahmer, 2007), suggests that
speakers tend to use gestures to ease communica-
tive burden when verbal expression is difficult, but
rely on speech when gesturing becomes demand-
ing. The second, hand-in-hand hypothesis, pro-
poses that gestures are produced not solely for
communicative purposes but for the speaker’s own
cognitive or articulatory benefits. According to this
view, gestures go hand in hand with speech (Goldin-
Meadow, 2009; So et al., 2009). If the trade-off
hypothesis holds true, we might expect head move-
ments to compensate for the lack or distortion of
FO. While, a positive relationship between head
movements and acoustic parameters such as dura-
tion and mean amplitude would provide tentative
support for the hand-in-hand hypothesis.
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To summarize, this study aims to examine the
composite (i.e., combined measures across pitch,
yaw, and roll axes) velocity and magnitude of head
movements, as well as their total extent of move-
ment. Our hypotheses are:

1. Different measures of head movement will
be greater in whispered questions than normally
spoken questions while speakers do not see each
other.

2. According to the trading hypotheses, we ex-
plore the following relations:

a. If the trade-off hypothesis holds true, we
might observe a negative correlation between
acoustic parameters (amplitude and sentence final
word duration) and different head movements.

b. Alternatively, if the hand-in-hand hypothesis
holds true, a positive correlation between acoustic
parameters and head movements might emerge.

2 Methods

2.1 Participants

Fifteen native German speakers (4 male, 11 female;
mean age = 33.15, SD = 12.60) with no motor,
hearing, or language impairments participated. All
had normal or corrected vision, provided informed
consent, and received monetary compensation.

2.2 Stimuli

The study used 40 German sentences, consisting of
20 structurally identical statement—question pairs
differing only in punctuation (question mark vs.
period). Target words appeared in sentence-final
position and were bisyllabic content words with ini-
tial syllable stress. Each initial syllable conformed
to a CVC structure, beginning with a bilabial stop
(/p/, /v/, or /m/) followed by unrounded vowels
(/a/, /¢/, or /1]). Vowels differed in height, with
/a/ showing the widest lip aperture and (/1/) the
smallest. The target words were in sentence-final
position, where intonation rises in (polar) questions
and remains flat or falls in statements (for German,
see Grice et al., 2005). The experiment had two
contextual conditions: speech mode (normal and
whisper) and visibility (visible vs. invisible). In
the visible condition, participants and the confeder-
ate faced each other; in the invisible condition, an
artificial wall separated them. As the result, four
stimulus blocks were designed, each containing
sentences classified as questions or statements:

a. Normal speech: Speakers see each other,
speakers do not see each other.



b. Whisper speech: Speakers see each other,
speakers do not see each other.

To minimize order effects, both block presenta-
tion and sentence sequence within blocks were ran-
domized for each speaker. Each speaker produced
160 sentences in total (40 sentences x 2 visibility
conditions x 2 speech modes).

2.3 Data collection

The experiment was conducted in a soundproof lab
with video (Canon EOS1300D, 30 Hz) and audio
(Sennheiser ME62, 44,100 Hz) recordings. Partici-
pants rehearsed intonations before the session, with
a confederate. In the experiment, the confederate
produced either a question or a statement and the
informant responded with the opposite sentence
type intonation; questions followed statements and
vice versa. Thus, only intonation was modified
while sentence content and word order remained
unchanged. For example:

* Confederate: Er mag diese Piste. (“He likes
this slope.”)

e Informant: Er mag diese Piste? (“He likes this
slope?”)

To ensure accurate speech mode production and
proper prosody, the confederate (a trained native
German speaker who remained the same across all
sessions) practiced a few sentences with each par-
ticipant beforehand. Throughout the experiment,
this interlocutor monitored participants’ produc-
tions, and asked for repetitions when whisper qual-
ity or intonation was unsatisfactory. After data col-
lection, a second native German speaker reviewed
all utterances to verify intonational accuracy.

2.4 Data preparation

To align the timing of video and audio files of vary-
ing lengths, we used Adobe Premiere Pro 24.4
for synchronization. Audio recordings were an-
notated in PRAAT 6.4.20 (Boersma and Weenink,
2019), focusing on sentence-final words. Start
and end times from the PRAAT TextGrid were
extracted and used in a Python script to automat-
ically segment and trim the corresponding video
files. Using PRAAT 6.4.20, we manually labeled
the boundaries of the sentence-final word (on-
set/offset), stressed syllable (onset of initial stop
to syllable-final segment), and unstressed sylla-
ble (onset/offset). Our measurements included
(a) sentence-final word duration and (b) amplitude
difference (mean amplitude of the word-final mi-
nus word-prefinal syllable). Calculating amplitude
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difference provided a normalized estimate of am-
plitude while partially reducing variability due to
speaker—microphone distance, although it does not
fully eliminate all sources of variation.

2.5 Measurement of head movement

To quantify head movement, we used OpenFace
2.0 (Baltrusaitis et al., 2018) to track facial struc-
tures. Videos of target words were processed at
29.969 FPS. OpenFace can track head movements
in radians per frame. Following OpenFace con-
ventions, we extracted head pitch (Rx, up-down
nodding), yaw (Ry, left-right rotation), and roll
(Rz, side-to-side tilt) to quantify head movements.
Our procedures for deriving the target measures of
head movements are as follows:

Velocity of head pitch, yaw, roll: The velocity
of head movements represents the rate of change
in head pose angles between consecutive frames,
measured per unit of time. To assess head move-
ment velocity over an entire word, we averaged
the measures to summarize movement for each tar-
get word over N frames. The mean velocity over
a word, considering N frames, was calculated as
follows:

1

N
N1 Z |Velocity (¢)|

t=2

ey

Magnitude of head pitch, yaw, roll: To this end,
we defined a neutral baseline (nb) by averaging
of the first 3 frames. Over an entire word, we
calculated the mean absolute magnitude as:

N

ﬁ ; |PitchRx(t) — PitchRx(nb)|  (2)

We also calculated composite measures which
captured overall movement by combining pitch,
yaw, and roll using Euclidean norms for velocity
and magnitude, as follows:

Composite velocity: it gives a scalar measure of
how fast the head moves overall and was calculated
as:

N
% ; \/(VRx(t))Q + (VRy(1)? + (VR.(t))?
3)

Composite movement magnitude: it was com-
puted per frame as the Euclidean norm of pitch,



yaw, and roll components and then averaged across
N frames:

leﬁ VIR0 + (IRy(1))? + (IR (1))?

4
where IR,, IR,, and IR, denote pitch, yaw,
and roll magnitudes at frame ¢.
Total head movement: it was quantified as a
direction-independent measure by summing move-
ment across all axes during the word:

N

S V(ARL(1)2 + (ARy(1) + (AR.(t))?
t=2
)

2.6 Statistics

We conducted statistical analyses in R Studio 4.2.3.
using the Ime4 (Bates et al., 2020) and emmeans
packages (Lenth et al., 2018). Linear mixed models
assessed the effects of Speech Mode (normal vs.
whisper), Visibility (visible, invisible), Sentence
Type (question, statement) on head movements.
Reference levels were ‘normal speech’, ‘visible’,
and ‘statement’. To investigate whether the de-
pendent variables (Composite velocity, magnitude,
total movement, as well as velocity and magni-
tude of head pitch, yaw, roll) exhibited the most
pronounced effects under marked conditions, i.e.
whispered speech, questions, and invisibility of
speakers, a three-way interaction of Speech Mode,
Visibility, and Sentence Type was incorporated into
the models. The models accounted for random
effects by including random intercepts for Word
and Participant, along with by-Participant and by-
Word random slopes for Speech Mode, Visibility,
Sentence Type, and their interactions. Some initial
models failed to converge and/or produced singular-
fit warnings. To obtain parsimonious and identi-
fiable random-effects structures, we followed two
simplification procedures. First, random-effects
terms involved in perfect correlations (i.e., corre-
lations of +1) were removed, following the rec-
ommendations of (Winter, 2020). Second, when
singularity persisted, we inspected the random-
effects structure using the rePCA() function in the
Ime4 package. Following the rationale proposed by
(Bates et al., 2015), the function rePCA() evaluates
the effective dimensionality of the random-effects
structure by performing a Principal Components
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Analysis (PCA) of the estimated random-effects
variance—covariance matrix. The random-effects
structure is decomposed into orthogonal compo-
nents, and components with very small or zero
standard deviations indicate dimensions that are
not supported by the data and therefore contribute
to model singularity. The output also provides a ro-
tation matrix that maps the original random-effects
parameters onto the orthogonal principal compo-
nents, allowing identification of redundant variance
components. These components were removed
through simplification of the random-effects struc-
ture (e.g., by eliminating the corresponding random
slopes), resulting in a more parsimonious model.
Our final model used for all dependent variables
was:

Imer(duration ~

Speech_modex*Visibilityxsentence_type

+ (1 + Speech_mode + Visibility +
sentence_type | participant)

+ (1 | word), data = German_datal)

The models were also checked with respect to
(i) the normality of the residuals, (ii) their ho-
moscedasticity and (iii) multicollinearity among
the factors. To assess the significance of fixed ef-
fects in the final model, we conducted an Anal-
ysis of Variance (ANOVA) using Type III sum
of squares. This approach tests each predictor’s
unique contribution to the model while accounting
for all other variables and their interactions. The
Satterthwaite approximation was applied to esti-
mate degrees of freedom, providing more accurate
p-values in the presence of random effects. This
method is particularly appropriate given the mixed-
effects structure of our model and the unbalanced
nature of the dataset. Finally, we then used the
emmeans() function with Tukey adjustment to con-
duct pairwise comparisons of mean values for the
dependent variables across different conditions.

Additionally, we used Imer() to examine the rela-
tionship between composite velocity and composite
magnitude of head movements and two acoustic pa-
rameters of word duration and amplitude difference.
We assumed that these movements may compen-
sate for the absence of FO in whispering. Accord-
ingly, under the trade-off hypothesis, we would
expect a negative relationship, whereas under the
hand-in-hand hypothesis, we predicted a positive
relationship. Continuous variables were standard-
ized (z-scored) per speaker, and by-speaker and
by-word random intercepts were included in the



models. It should be pointed out that we dispensed
with a classic correlation modelling as our data
included repeated (dependent) data points. An ex-
ample is provided below:

Imer (composite_velocity ~
word_duration +
(1|participant) + (1|word))

3 Results

Here, we first report the results for the compos-
ite measures, and total movement, followed by a
breakdown of the relative contributions of head
pitch, yaw, and roll to the composite outcomes.
Finally, we examine the extent to which different
head movements and acoustic parameters exhibit a
linear relationship.

3.1 Composite velocity

The mixed effect model revealed a significant inter-
action between Speech mode *Visibility*Sentence
type (F(1, 2234.02) = 9.959, p<.01). As Figure 1
shows, head composite velocity was the greatest
when speakers produced questions in the normal
visible condition. Pairwise comparisons revealed
greater velocity in visible normal questions than
in normally produced statements under visible (t
= 3.69, p =.03) and invisible (t = 3.40, p =.025)
conditions.

3.2 Composite magnitude

The mixed effect model for head composite move-
ment magnitude showed a significant interaction
between Speech mode*Visibility*Sentence type
(F(1, 2217.06) = 4.125, p<.05). Pairwise compar-
isons showed that head movement was greater for
normally produced questions under visible condi-
tion than for statements produced in both visible
(t=-6.61, p <.001) and invisible (t=-5.78, p <.001)
conditions. Also, greater head magnitude was ob-
served for visible normal questions compared to
invisible whispered statements (t=-3.53, p = 0.046,
Figure 1).

3.3 Total movement

For total head movement, the interaction between
Speech mode*Sentence type turned out to be signif-
icant (F(1,2231.89) =26.705, p<.001). As Figure 2
(right) shows, normally produced questions had the
largest total movement. Pairwise comparisons indi-
cated that normally produced questions had a larger
total movement than normal statements(t= -6.23,
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Composite magnitude

Figure 1: Composite velocity (left) and magnitude
(right) of head movement in the sentence-final word:
interaction between speech mode, (in)visibility, and sen-
tence type.

p <.001). on the other hand, whispered questions
showed a higher total movement than whispered
(t=-3.12, p = 0.01) and normal (t=-3.02, p = 0.03)
statements.

0.36

Sentence type

0.32
=8= Statement

== Question

Total movement

0.28

i

normail

0.24
whisper

Speech mode

Figure 2: Total head movement showing an interaction
between speech mode, and sentence type.

3.4 Contribution of individual axes to
composite head movement

To clarify which axis of head movement pri-
marily drove the composite results, we decom-
posed the composite measures into their individ-
ual pitch (Rx), yaw (Ry), and roll (Rz) compo-
nents. Among these, head pitch emerged as the
dominant contributor. Both pitch velocity and
magnitude yielded significant interactions between
Speech mode*Visibility*Sentence type (velocity:
F(1, 2233.54) = 10.916, p<.001; and magnitude:
F(1,2201.21) = 4.629, p<.05; see Figures 3 and 4).
Specifically, the head pitch velocity was the great-
est when speakers produced questions in selected
conditions (visible normal and whisper invisible).
However, pairwise conditions revealed only few
significant differences with greater pitch velocity in
normal questions under visible condition than nor-
mally produced statements under visible (t = 3.74,
p = 0.013) and invisible (t= 3.96, p = 0.017) con-



ditions. The close correspondence between pitch
and composite patterns suggests that head nodding
accounts for the largest share of variance in overall
head displacement.

0.16

sentence_type
=8= Statement
=& Question

Head pitch velocity

-

normal

|

whisper

0.14

normal whisper

Speech mode

Figure 3: Head pitch velocity in the sentence-final word:
three-way interaction between speech.
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sentence_type
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0.018 =& Question
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Head pitch amplitude [Radiance]
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normal

0014

whisper normal whisper

Speech mode

Figure 4: Head pitch magnitude in the sentence-final
word: three-way interaction between speech mode, visi-
bility, and sentence type.

By contrast, head roll movement did not show
any significant effects. Only, yaw magnitude
yielded a significant two-way interaction between
speech mode and sentence type (F(1, 2213.35) =
4.914, p<.05), with questions produced with greater
yaw, and a larger difference between questions and
statements in normal speech than in whisper (t=
2.87,p=0.03).

3.5 Relationship between acoustic cues and
head movements

At this stage, we analyzed the relationship between
head movements (composite velocity and compos-
ite magnitude) and two acoustic parameters includ-
ing word duration and mean amplitude difference.
All continuous variables were z-scored for each
speaker. Although the observed relationships were
small, some were statistically significant.

The analysis revealed a negative relationship be-
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tween word duration and head composite velocity
in both normal (t = -3.22, p <.001) and whisper (t
=-2.53, p =0.011) modes, indicating faster move-
ment for shorter words (see Figure 5). In contrast,
composite head movement magnitude was posi-
tively correlated to word duration only in whis-
pered speech (t = 2.82, p < .01), with longer words
showing larger movements.

>

2z-scored composite velocity of head movement
z-scored composite intensity of head movement

6 3 4 6
z-scored duration

-6

3 0
z-scored duration

Speech_mode = normal = whisper

Figure 5: Scatterplots for sentence-final word duration
in relation to head movement composite velocity and
magnitude.

>

z-scored composite velocity of head movement
z-scored composite inetnsity of head movement

6 6 6

3 0 3 3 0 3
z-scored amplitude difference z-scored amplitude difference

Speech_mode = normal ~ whisper

Figure 6: Scatterplot for amplitude difference in relation
to head movement composite velocity and magnitude.

Mean amplitude difference and head compos-
ite velocity were positively correlated in normal
speech mode (t= 4.70, p<.0001, see Figure 6) sug-
gesting louder words were associated with faster
head movement. No significant result was observed
for whispered speech. Similar results were found
for composite head movement magnitude, with a
positive relationship to mean amplitude difference
only in normal speech (t=5.23, p<.0001).

4 Discussion

To our knowledge, this is the first study to exam-
ine head movements in conveying sentence-type
intonation under communicative constraints, partic-
ularly in whispered speech, while manipulating
interlocutor mutual visibility. The findings are
discussed in relation to the trade-off and hand-in-
hand hypotheses and the broader literature on mul-
timodal prosody. We focused on sentence-final



words where intonational contrasts between po-
lar questions and statements are primarily realized.
Even within this brief part of the sentence, signifi-
cant differences emerged across all head movement
measures with faster and larger head movements
in questions than in statements. This pattern was
evident in all head movement measures. Consis-
tent with earlier research (e.g. Cvejic et al., 2010;
Yehia et al., 2002), these results confirm that rigid
head motion carries prosodic information and con-
tribute to the signaling of sentence type. Questions,
typically characterized by rising intonation, appear
to involve enhanced multimodal prosodic marking
compared to statements. The ability of listeners
to distinguish sentence types based solely on head
motion (Cvejic et al., 2010) further supports the
communicative relevance of the patterns observed
in our study.

Our initial prediction was that the strongest head
gestures would occur under the most communica-
tively constrained condition; that is, whispered
questions produced in the absence of speakers’ mu-
tual visibility. However, the results did not con-
firm this hypothesis. Instead, the most pronounced
head movements were consistently found in the
least constrained condition, i.e., normally produced
questions in the visible condition with the largest
effects across composite velocity, composite mag-
nitude, and total movement. Some previous stud-
ies have also reported increased gesture produc-
tion when speaker and listener can see each other
than when there is a visual barrier between the
two (e.g. Alibali et al., 2001; Mol et al., 2011;
Barker and Kita, 2026). Boosting of head move-
ments in normally produced questions when inter-
locutors are visible may reflect a general prosodic
marking strategy that is amplified when full com-
municative resources are available. Under these
circumstances, head movements appear to func-
tion in parallel to acoustic prosodic cues such as
FO, reinforcing the sentence type contrast through
visual signaling. This redundancy may reflect an
audience-oriented strategy (Bavelas et al., 1992),
whereby speakers enhance communicative clarity
when resources are optimal.

The role of visibility, however, proved selective
rather than uniformly amplifying. Although a sig-
nificant interaction between speech mode, visibil-
ity, and sentence type indicates that visibility con-
tributes to gestural behavior, this effect is not con-
sistent across all measures as total head movement
was unaffected by (in)visibility. Thus, visibility
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may not globally influence head gesture produc-
tion but selectively modulate specific kinematic
parameters.

To better interpret the findings, we examined
the relative contributions of individual head move-
ment axes revealing head pitch as the primary vehi-
cle of prosodic head movement in our data. Head
pitch emerged as the most prominent marker of
sentence type contrasts, showing increased velocity
and magnitude for normally produced questions,
when the interlocutor was visible while head yaw
and roll playing very small roles. This close cor-
respondence between head pitch patterns and the
composite measure indicated that head nodding ac-
counts for the largest share of variance in overall
head displacement, and that the sentence-type con-
trasts observed in the composite measures are pri-
marily driven by up-and-down head rotation. An-
other point to notice was significant magnitude of
head yaw movement and its contribution to visu-
ally marking sentence-type distinctions. The co-
occurrence of pitch and yaw magnitude in ques-
tions suggests that these two axes may not operate
entirely independently. Instead, speakers may use
coordinated gesture combining up—down (pitch)
and left-right (yaw) head motions. In other words,
a speaker may nod while slightly turning the head.
The resulting movement is not purely nodding or
turning, but a smooth trajectory that has incorpo-
rates both components. Such multi-axis coordina-
tion in prosodic gesturing has been noted in pre-
vious accounts of head movement behavior (Ishi
et al., 2007),(Yehia et al., 2002), and may reflect a
naturally integrated gestural strategy for marking
sentence-type boundaries visually.

Our results can be interpreted considering two
hypotheses: the trade-off hypothesis which posits
that gestures are produced to support listener com-
prehension (Alibali et al., 2001), and the hand-in-
hand hypothesis according to which gesturing helps
the speaker reduce cognitive load (Goldin-Meadow,
2009).

In this study, the relationship between head
movements and acoustic parameters (word duration
and mean amplitude difference) does not straight-
forwardly support either hypothesis alone. Instead,
it points to a flexible system in which head move-
ments reflect different mechanisms depending on
speech mode, sentence type, and speaker visibility,
with patterns consistent with both accounts.

For sentence-final word duration, shorter words
were accompanied by faster composite velocity in



both normal and whispered speech which suggests
a timing-based coordination mechanism: head
movement dynamics are adjusted to align with the
temporal structure of speech rather than reflecting
a simple scaling predicted by either hypothesis. On
the other hand, in whispered speech, longer words
were associated with greater composite magnitude
which may be consistent with the hand-in-hand hy-
pothesis. However, rather than drawing a definitive
conclusion, we interpret this parallel enhancement
of acoustic information and head movements as a
compensatory strategy for the absence of FO and
degraded amplitude where speakers may rely on
alternative prosodic cues such as longer duration
coupled with more pronounced head movements
to convey intended intonation. Together, these pat-
terns indicate that in whispered speech, speakers
flexibly adjust their head movements in tandem
with word duration balancing temporal constraints
with the need to compensate for reduced acoustic
prosodic cues.

The amplitude difference analysis revealed
louder sentence-final words were associated with
faster and larger head movements. The syn-
chronous strengthening of acoustic and gestural sig-
nals supports the hand-in-hand hypothesis (Goldin-
Meadow, 2009) viewing gesture and speech as par-
allel systems driven by the same underlying de-
mands. In normal speech, speakers may coordinate
acoustic and visual cues of prosody either to en-
hance listeners’ perception of prosodic contrasts or
increase communicative effectiveness of their own
utterance (Van der Sluis, 2005; Van der Sluis and
Krahmer, 2007). Moreover, this finding resonates
with the motor—prosodic coupling hypothesis (Mc-
Neill, 1992), which holds that prosodic prominence
engages greater biomechanical energy across both
speech articulators and the body. Louder speech
requiring greater articulatory effort may co-occur
with enhanced head and upper-body movement ac-
tivity (Hadar et al., 1983; Munhall et al., 2004). In
this view, greater movement magnitude reflects a
coordinated motor response to prosodic emphasis
rather than a direct consequence of acoustic inten-
sity alone. No such relationship was found in whis-
pered speech, likely because amplitude differences
are much degraded in this speech mode.

5 Conclusion

In summary, by examining the relationship between
the acoustic signal and oro-facial expressions when
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speakers (i) speak normally or whisper, and (ii) do
or do not see each other, we found the overall ad-
vantage of visible, normally spoken questions over
all other conditions. The results are interpreted
in terms of two hypotheses, i.e., the hand-in-hand
and trade-off hypotheses. The relationship between
acoustic properties and head gestures proved to be
mode-dependent rather than uniform. In normal
speech, the positive coupling between amplitude
difference and both composite velocity and magni-
tude points to a hand-in-hand mechanism, whereby
acoustic and head gesture are co-produced and mu-
tually reinforcing. In whispered speech, however,
this coupling breaks down, and head movements ap-
pear to operate more independently: longer words
are accompanied by greater head movement mag-
nitude, while shorter words trigger faster gestural
velocity suggesting a compensatory mechanism to
preserve prosodic contrasts in the absence of FO,
while also balancing temporal constraints by faster
movement. Although head movements may require
more effort than other orofacial expressions, the
observed patterns indicate that speakers use their
heads as an important visual resource, reinforcing
prosodic marking across different communicative
conditions. Nevertheless, previous research has
also shown that orofacial movements serve as im-
portant cues for marking sentence-type intonation
in whisper. Further perceptual studies could in-
vestigate the relative contributions of head move-
ments and orofacial expressions in distinguishing
different prosodic patterns in whisper vs. normal
speech. In particular, such studies could determine
whether head movements play a compensatory role
in whispering by helping listeners recover prosodic
distinctions when FO is absent. The present anal-
yses focused on direction-independent composite
measures capturing how large and how fast speak-
ers moved their heads to mark prosodic contrasts,
without distinguishing the specific orientations of
those movements. While this approach provides a
summary of prosodic head gesturing, future studies
incorporating head movement trajectories would
provide a more detailed account of the directional
and temporal dynamics of prosodic head gestur-
ing. Such work would benefit further from being
conducted in naturalistic communicative settings
with spontaneous interactions to capture a more
ecologically valid picture of how head movements
signal sentence-type intonation in everyday, partic-
ularly whispered speech. Our findings are based on
a relatively small sample of 15 participants, which



may constrain the generalizability of the results.
This limitation highlights the need for further re-
search involving larger and more diverse partici-
pant samples. Finally, it remains an open question
whether the patterns observed in German general-
ize to other languages with different prosodic sys-
tems, or to sentence types beyond the polar ques-
tion—statement distinction examined here.
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