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ABSTRACT:
The present paper investigates a relationship between the acoustic signal and oro-facial expressions (gestures) when

speakers (i) speak normally or whisper, (ii) do or do not see each other, and (iii) produce questions as opposed to

statements. To this end, we conducted a motion capture experiment with 17 native speakers of German. The results

provide partial support to the hypothesis that the most intensified oro-facial expressions occur when speakers whis-

per, do not see each other, and produce questions. 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 gestures does not

provide straightforward support for one or the other hypothesis. Depending on the condition, speakers used more pro-

nounced gestures and longer duration compensating for the lack of the fundamental frequency (supporting the trade-off

hypothesis), but since the gestures were also enhanced when the listener was invisible, we conclude that they are not

produced solely for the needs of the listener (supporting the hand-in-hand hypothesis), but rather they seem to help the

speaker to achieve an overarching communicative goal. VC 2023 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/
4.0/). https://doi.org/10.1121/10.0015251
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I. INTRODUCTION

Numerous studies have shown that speech production in

human interaction is multimodal (e.g., Perniss, 2018; Holler

and Levinson, 2019). Among the different components con-

tributing to multimodality are articulatory motions, facial

expressions, and hand gestures. In this paper, we investigate

the relation between acoustics and oro-facial gestures in

question-statement interactions. Building on previous empiri-

cal studies and theoretical approaches, we analyze how this

relation is affected by different communicative contexts, spe-

cifically the visual presence or absence of an interlocutor as

well as different speech modes, including normal and whis-

pered speech differing in the presence or absence of fundamen-

tal frequency (F0). To test the influence of prosody, we also

included a difference between questions and statements lying

primarily in the intonation that is sufficiently executed by dif-

ferences in F0 (i.e., rising F0 in questions vs falling F0 in state-

ments). In doing so, we contribute to a better understanding of

how communicative situations and linguistic choices shape the

acoustic and gestural components of speech production.

A. Oro-facial gestures in spoken language

Oro-facial gestures include visible articulatory motions,

e.g., lip rounding required for the phonemic target of /u/ or

jaw opening for /a/ as well as facial expressions, e.g., eye-

brow raising to signal, e.g., a question, attention, or surprise.

While articulatory motions for executing phonemic targets

are mandatory (apart from some individual variations), facial

expressions are not. This is obviously, in contrast, to sign lan-

guages, where facial expressions are obligatory means of

communication [see, e.g., Dachkovsky and Sandler (2009)].

Oro-facial gestures are mostly coordinated with speech.

For instance, Cav�e et al. (1996) examining the relationship

between rapid eyebrow movements and changes in the F0 dur-

ing speech production (including reading aloud, answering

yes/no questions, and interacting with an interviewer)

observed that rapid rising-falling eyebrow movements were

associated with F0 rises in 71% of the cases. This result led

the authors to conclude that eyebrow movements and F0

changes are not an effect of muscular synergy, i.e., they are

not automatically linked, but rather, they are dependent on

communicative constraints. In a more recent production study,

Ambrazaitis and House (2022) showed that accented words in

Swedish are accompanied by head and eyebrow movements.

They also found that at phrase level, larger F0 rises are pro-

duced when a head movement accompanies the accented

word and eyebrow movement is present.

Several studies investigated a link between prosody and

facial expressions in perception. For instance, House et al.
(2001) found that both head and eyebrow movements are

powerful cues in the detection of prominence in Swedish.

Their results show that both gestural cues act independently,

but head movement is a more powerful cue in signaling

prominence. This is because, as the authors assume, the

physical displacement of the head has a more visual impact

as compared to the physical displacement of the eyebrows.

a)Also at: Humboldt-Universit€at zu Berlin, 10099 Berlin, Germany. Electronic

mail: zygis@leibniz-zas.de

J. Acoust. Soc. Am. 153 (1), January 2023 VC Author(s) 2023. 6130001-4966/2023/153(1)/613/14

ARTICLE...................................

https://orcid.org/0000-0002-2596-9171
https://orcid.org/0000-0001-6751-9286
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1121/10.0015251
mailto:zygis@leibniz-zas.de
http://crossmark.crossref.org/dialog/?doi=10.1121/10.0015251&domain=pdf&date_stamp=2023-01-27


In another perceptual study, Cruz et al. (2017) showed

that eyebrows are not obligatory cues in the production of

prosodic differences. When investigating the role of intona-

tion and visual cues in the perception of polar questions and

statements, they found that speakers of European

Portuguese varieties do not interpret eyebrow raising as a

question marker in the absence of audio information. The

authors speculated that either (i) the participants identify the

eyebrow raising as a focus marker and not as a question

marker or (ii) maybe the visual cues alone are not sufficient

for sentence type identification. Furthermore, in our previ-

ous study ( _Zygis et al., 2017a), we also found that although

the results pointed to a raised right eyebrow in questions as

opposed to statements, the effect was found only in a few

speakers. The influence of sentence type on the left eyebrow

was highly speaker-dependent.

Further research has suggested that eyebrow move-

ments can be employed by speakers as a relevant signal for

indicating the beginning of a turn taking. Gua€ıtella et al.
(2009) have evinced that at least in French, independently of

whether the eyebrow movements are found in the period of

silence before speech or at speech onset, they are linked to

turn onset. The authors conclude that rapid raising or lower-

ing of eyebrows “acts as an attention getting-device”

[Gua€ıtella et al. (2009), p. 5]. This interpretation presumably

goes back to the original function of eyebrow raising, that

is, the manifestation of enhanced visual attention [Gua€ıtella

et al. (2009), p. 221]. Similar results were obtained by

Goujon et al. (2015), who, by examining three corpora of

French spontaneous speech, concluded that eyebrow move-

ments indeed tend to appear at the beginning of a speaker’s

turn. They also stated that this movement is not obligatory.

Thus, the studies show that there are linguistic phenomena

connected to eyebrows that in turn accompany acoustic

parameters, such as, e.g., F0 rise, but they are not always

compulsory.

In this sense, facial expressions behave similarly to

hand gestures, which are mostly optional in face-to-face

interactions of oral communication, but they are related to

the process of speaking (Kendon 1972, 1994, 2004;

McNeill, 1985, 1992) and are important in producing pro-

sodic cues (Swerts and Krahmer, 2004, 2008; Cvejic et al.,
2010, 2012b). For this reason, we will adopt some theoreti-

cal approaches from the hand gesture research area and

apply them to the relation between speech and facial

expressions.

Hand gestures are postulated to be produced to help the

listener understand the message (Alibali et al., 2001).

Relatedly, according to the “trade-off” hypothesis, if speak-

ing becomes more difficult, the likelihood of a gesture that

would “take over” some of the communicative load is

higher, and, conversely, when gesturing becomes harder,

speakers will rely more on speech (De Ruiter et al., 2012;

Melinger and Levelt, 2004; van der Sluis and Krahmer,

2004, 2007; Hoetjes and Masson-Carro, 2017).

However, a different approach has been taken by So

et al. (2009), who suggested that gestures parallel rather

than compensate for under-specification in speech (and may

even be redundant). This “hand-in-hand” hypothesis is in

line with the conjecture that people may use gestures “for

their own benefit” [see also Kita (2000)].

Whether oro-facial expressions compensate for some

reduced information or whether they are redundant may also

depend on the respective communicative situation. We will

here focus on two specific communicative constraints, one

in which the interlocutors do not see each other (invisibility

condition; see Sec. I B for details) in comparison to a situa-

tion when they do see each other (visibility condition) and

another one where the interlocutors whisper compared to sit-

uations where they speak in their normal speech mode.

Since the linguistic content, including prosodic prominence,

seems to trigger or intensify oro-facial movements, we

included different types of sentences in our design: ques-

tions that are assumed to be produced with higher eyebrow

movements and larger lip opening than statements ( _Zygis

et al., 2017a). Including this difference, we will be able to

examine whether the gestures are intensified when the

acoustics is distorted and especially whether oro-facial

expressions are intensified in questions’ production where

F0 is rising in normal speech but absent in whispered

speech. Also, we will scrutinize how speakers react when

their vision is distorted, i.e., when they do not see each

other. Overall, we are primarily interested in the question of

whether there are cumulative effects, i.e., whether the oro-

facial movements are most pronounced when speakers whis-

per, do not see each other, and produce questions.

B. About the (in)visibility of the interlocutor

With the advance of (mobile) phones as communicative

devices and virtual meetings where speakers do not always

switch on their cameras, it is not uncommon that communi-

cative interactions take place when interlocutors are spa-

tially separated and not visible to each other. Whether or not

speech and hand gestures change under such conditions has

been particularly interesting for hand gesture research.

In this context, several studies investigated how (in)vis-

ibility of the speaker influences the relation between speech

and hand gestures. They concentrated on gesture rate [see

Bavelas et al. (2008) for a summary] and have shown that

hand gesture rate decreases when interlocutors are mutually

invisible to each other. However, the results do not always

point in the same direction. For instance, Mol et al. (2011),

who investigated speakers’ interaction under the (in)visibil-

ity condition, found that if the speakers saw their addressees,

they gestured less frequently as opposed to situations when

they did not see the addressee. Their results also revealed

that speakers spoke faster when they were seen. The experi-

ment took place through web cameras. In another experi-

ment, Mol et al. (2011) used the same experimental design,

but instead of web cameras, the Eye-Catcher technology

that enables the interlocutors to look each other in the eyes

was used. The results differed in the sense that the gesture
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rate increased when speakers saw each other. The finding

was motivated by speakers’ more focused attention.

While the results of the latter experiment suggest that

gestures are produced for the need of the listener, this

decrease in gesture rate does not pertain to all gesture types.

Whereas pointing gestures and obligatory iconic gestures

are indeed a function of mutual visibility (De Ruiter et al.,
2012), beat gestures1 have been shown to be independent of

mutual visibility (Alibali et al., 2001). As proposed by Kita

(2000) and Melinger and Kita (2007), representational hand

gestures2 that are produced in a visible condition are of com-

municative nature, whereas those executed in a non-visible

condition serve the cognitive needs of the speaker. So far it

is unclear whether oro-facial expressions follow similar

principles.

Some studies also tested how the acoustics of speech

changes if speakers do not see each other. For example,

Cvejic et al. (2012a) investigated the acoustic and percep-

tual effects of speaker (in)visibility on the production of

focus and phrasing contrast. The acoustic analysis showed

that items produced when speakers did not see each other

were longer and more intense than those produced in face-

to-face conditions. In addition, utterances produced in the

auditory-only condition received higher rankings, indicating

that the prosody was clearer when the speakers did not see

each other. The results led the authors to the conclusion that

when speech communication is limited to the auditory chan-

nel, speakers put more effort into producing prosody more

clearly as opposed to situations when they also do see each

other.

To sum up, regarding the invisibility of speakers, previ-

ous results concentrated on hand gestures and their fre-

quency of appearance. The results seem to be gesture-type

dependent. In our study, we will examine oro-facial move-

ments and test how they react to invisibility and other

conditions.

C. Acoustic correlates of whispering in comparison
to normal speech

Communication can also be limited by a speech mode.

When speech is deprived of its fundamental parameters,

such as F0, other parameters, including oro-facial expres-

sions, may also be affected.

Whispering is an example of a speech mode where F0

is absent, which also leads to reduced intensity. It occurs in

discrete communicative situations, where two interlocutors

may want to exchange information only among themselves

or where they do not want to be identified (Jin et al., 2007).

Whispering accompanies certain speech pathologies, such

as vocal fold paralysis. The presence vs absence of F0 is not

only a crucial parameter for the distinction between voiced

and voiceless phonemes but is also strongly involved in the

production of intonation. In normal speech, F0 is frequently

realized with a falling contour in statements and a raising

contour in (polar) questions.

In whispered speech, segments have to take over the

function of executing intonation. However, previous

acoustic studies on whispered speech have concentrated

mostly on vowels (e.g., Meyer-Eppler, 1957; Thomas, 1969;

Morris, 2003; Li and Xu, 2005; Sharifzadeh, 2012; Heeren

and van Heuven, 2009, 2011; Heeren, 2015a) and very

rarely on consonants (Jovičić and �Sarić 2008, Fan et al.,
2011; Heeren, 2015b), and almost no attention has been

devoted to prosody of whispered speech and its interaction

with consonants.

It has been frequently found that whispered consonants

are on average longer than segments produced without whis-

per [see Jovičić and �Sarić (2008) for a Serbian example].

For vowels, Kallail and Emanuel (1984) analyzed speech in

sustained vowels of male American English speech and

reported differences in formant frequencies in whispered

compared with normal speech with higher values for whis-

per, specifically in F1. Similarly, Higashikawa et al. (1996)

found higher formant frequencies in whispered /a/ in com-

parison to normally spoken /a/ for male and female speakers

of Japanese. Heeren (2015a) analyzed various acoustic

parameters (F1–F3, their bandwidth, centre of gravity, spec-

tral balance, relative duration, and intensity) in normal and

whispered nonsense words with the three corner vowels /a,

u, i/ and two fricatives /s, f/ in the production of male and

female Dutch speakers. Apart from duration, all parameters

showed significant differences between the two speech

modes and were interpreted with respect to compensatory

behavior in the absence of F0.

In our previous studies on whispered speech ( _Zygis

et al., 2014, 2017b), we investigated correlates of utterance-

final rising intonation in polar questions and falling intona-

tion in statements in Polish. Our results revealed significant

differences not only in spectral properties of vowels but also

consonants when statements and polar questions are pro-

duced [see also Niebuhr (2008, 2012) for similar conclu-

sions concerning voiceless sounds in German]. That is,

questions are not only realized with a higher F1 and F2 of

the vowel but also a higher intensity, higher spectral peak

frequency, higher centre of gravity, and higher standard

deviation (s.d.) as well as a lower kurtosis and skewness of

the consonant. Furthermore, some spectral differences

between the production of questions and statements, includ-

ing spectral moments or spectral slopes, were found either

exclusively or to a greater extent in whispered speech,

emphasizing the particular relevance of these parameters for

this speech mode. We suggested that the greater spectral dif-

ferences between questions and statements in whispered

speech are used to compensate for the distinguishing role of

F0 in normal speech mode.

Differences between normal and whispered speech have

also been found at the level of articulatory kinematics.

Higashikawa et al. (2003) studied lip kinematics in /p/ and

/b/ in normal and whispered speech in the production of

seven American English speakers and reported different

velocity peaks in the opening and closing gestures of the

lips: while in whispered speech, mean peak opening and

closing velocities for /b/ were greater than for /p/, no such

differences were found in normal speech. Also, the lip
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opening (the maximum distance between the lips) was

greater for /b/ than /p/ in whispered speech, but no such dif-

ference was observed in normal speech. From a speech

motor control perspective, the authors suggest that the motor

control processes underlying whispered speech are different

from those underlying normal speech.

Various acoustic cues have also been tested in percep-

tion experiments. For instance, Higashikawa et al. (1996)

showed that the production of high or low /a/ could be per-

ceived based on formant frequency differences in whispered

speech. Vercherand (2011) investigated the perception of

normal and whispered questions and statements in French.

Stimuli with longer final syllables were reliably perceived as

questions rather than statements. Heeren and van Heuven

(2009) also looked at the identification of phrasal prosody.

For whisper, questions and statements could be identified

above chance, but the findings were moderate. The spectral

tilt at the final syllable of the sentence contributed to the per-

ception of the sentence mode in whispered speech.

Furthermore, Heeren (2015b) found that voiceless fricatives

presented in V_V context are discriminated less accurately

and processed more slowly in whispered than in normal

speech. However, if they are presented in isolation, the proc-

essing speed and response accuracies are comparable for

whispered and normal speech, which is explained by the

fact that acoustic correlates in voiceless segments are com-

parable across speech modes.

D. Preliminary evidence for the relation between
oro-facial gestures and whispering

What happens to oro-facial gestures if F0 is absent as in

whispered speech and the intensity is severely reduced? Do

oro-facial expressions compensate for the deprived acoustic

signals?

To our knowledge, only a few studies have analyzed the

interaction of acoustics and oro-facial gestures in whispered

speech, taking normal speech as a reference. By investigat-

ing focus perception in French, Dohen and Loevenbruck

(2008, 2009) showed that in whispered speech, when the

acoustic cues are degraded, facial visual information helps

to recover prosodic information. In particular, focus identifi-

cation was significantly better when the audio and visual

modalities were jointly presented compared to visual and

audio modalities shown separately. The auditory-visual

(AV) advantage for whispered speech was also reflected in

shorter reaction times of focus identification as compared to

other modalities, that is, participants responded faster in the

AV condition as compared to the audio or visual condition.

Adding vision to normal speech did not improve the focus

detection because the auditory-only perception was nearly

perfect, leading to a ceiling effect. The authors concluded

that speakers compensate for the lack of acoustic cues in

whispering by reinforcing visual cues.

In another study, Tao and Busso (2014) investigated the

role of the lips in recognizing whispered as opposed to nor-

mal speech by automatic speech recognition (ASR) systems.

Based on data from 40 speakers (3562 videos with normal

speech and 3591 videos with whispered speech) excerpted

from the audiovisual whisper corpus (VVW; Tran et al.,
2013), the system was trained with normal speech and

applied to whispered speech. The authors evinced that com-

bining audio with visual features (lips) increased the accu-

racy of recognition of whispered speech by 37% as

compared to using audio features only.

Results from our own study ( _Zygis et al., 2017a), which

investigated acoustics and oro-facial expressions, including

lip aperture and movements of both eyebrows in the produc-

tion of German questions and statements, revealed that whis-

pered (sentence-final) words are produced with a larger lip

aperture than normally produced vowels, compensating, as

we interpreted the results, for the lack of the F0. As already

mentioned in section A, our results also point to a raised right

eyebrow in questions as opposed to statements, but the effect

was found only in a few speakers. The influence of sentence

type on the left eyebrow was highly speaker-dependent and

not significant. However, one of the drawbacks of the study

was that no interlocutor was present, interacting with the par-

ticipant. The stimuli were read from a computer screen. We

also did not provide acoustic measurements.

In the present study, we not only perform an acoustic

analysis but also introduce the invisibility condition, which

is used as a rough correlate of listener-directed behavior and

serves to examine to what extent the oro-facial expressions

are produced to the listener’s need. The current study is

therefore designed as an interactive process, taking the pre-

vious drawback into account and enlarging the spectrum of

parameters by including an acoustic analysis. It also investi-

gates whispered speech in an invisibility condition, which

offers a unique opportunity for examining possible compen-

sation effects and testing the trade-off and hand-in-hand

hypotheses in relation to speech and oro-facial gestures.

E. Predictions for the present study

In our study, we investigate oro-facial gestures in German,

such as left and right eyebrow movement and lip opening, as

realized under different prosodic conditions, i.e., yes/no ques-

tions with rising intonation and statements with falling or flat

intonation (Grice et al., 2005). The varying intonation is of par-

ticular importance as it enables us to study in more detail

whether and to what extent speech, i.e., different prosody, inter-

acts with the oro-facial expressions. Since we investigate whis-

pered speech that is deprived of F0, As already mentioned in

section A, our results arises of whether and how the oro-facial

expressions compensate for the lack of F0 and a severely

reduced amplitude and whether they contribute to expressing

intonational differences between questions and statements at all.

Following the work by Dohen and Loevenbruck (2008, 2009),

we predict that speakers use more pronounced oro-facial expres-

sions in whispered speech in comparison to normal. Following

Cav�e et al. (1996), we expect more intense eyebrow raising in

questions than in statements, at least when F0 is present.

We are also interested in the effect of the invisibility

condition, i.e., how oro-facial expressions change if speakers

616 J. Acoust. Soc. Am. 153 (1), January 2023 Marzena _Zygis and Susanne Fuchs

https://doi.org/10.1121/10.0015251

https://doi.org/10.1121/10.0015251


do not see each other. Although previous studies mainly

focused on hand gestures and reported contradictory results

(see Sec. I A), we hypothesize that the invisibility mode intro-

duces more intensified oro-facial movements when speakers do

not see each other, especially when they whisper. Taken

together, we hypothesize the following cumulative effects as a

response of speakers to “marked” conditions:

(1) Hypotheses referring to oro-facial expressions

(i) Left eyebrow raising is highest when speakers whis-

per, do not see each other, and produce questions.

(ii) Right eyebrow raising is highest when speakers whis-

per, do not see each other, and produce questions.

(iii) Lip opening is largest when speakers whisper, do

not see each other, and produce questions.

As for acoustics, we also predict a similar cumulative

effect: speakers will produce the longest speech chunks

when they whisper, do not see each other, and produce ques-

tions; see (2i). Since the amplitude in whispered speech is

very low, we do not expect differences between questions

and statements in this speech mode. However, we hypothe-

size that speakers will produce the largest rms intensity dif-

ference between the sentence-final unstressed syllable and

the stressed one (see 2ii and Sec. C).

(2) Hypotheses referring to acoustics

(i) Word duration is longest when speakers whisper,

produce questions, and do not see each other.

(ii) The rms amplitude difference is largest in questions

produced in normal speech when speakers do not

see each other.

If oro-facial gestures are more listener-oriented, we

would expect them to be present or more pronounced

when the interlocutor is visible to the speaker and to be

absent or less intense when the interlocutor is invisible.

However, if oro-facial gestures are produced more for the

need of a speaker, we may expect no change in the gesture

intensification when the interlocutor becomes invisible.

Finally, we will examine to what extent the aforemen-

tioned gestural and acoustic parameters correlate. Following

earlier work (De Ruiter et al., 2012; Melinger and Levelt,

2004; van der Sluis and Krahmer, 2004, 2007; Hoetjes and

Masson-Carro, 2017), we suppose that visual gestures com-

pensate for the lack of F0. In our case, such an analysis can

only be implicit because the lack of F0 data and the reduced

amplitude in whispering do not allow us to carry out a corre-

lation analysis for direct comparison. Therefore, we will

only analyze (word) duration.

Following the trade-off hypothesis, we expect:

(3) a negative relation between duration and oro-facial

expressions (eyebrow motions and lip opening).

If the hand-in-hand hypothesis held true, we would pre-

dict that

(4) duration and oro-facial expressions relate positively.

II. METHODOLOGY

A. Experimental design and material

To meet our research goals, we conducted a motion

capture experiment with parallel acoustic recordings. We

used a motion capture system [OptiTrack (Corvallis, OR),

Motive version 1.9.0] with 12 cameras (Prime 13) and a

Sennheiser (Wedemark, Germany) ME62 microphone,

which was positioned about 20 cm from participants’ lips.

Motion data were recorded with a sampling frequency of

200 Hz and acoustic data with a sampling rate of 44 100 Hz.

All recordings took place in a sound-proof lab at the

Leibniz-Centre General Linguistics in Berlin.

To measure lip aperture and eyebrow movements, seven

markers were placed on the informant’s face and three on the

glasses. Among the face markers, four were positioned around

the lips, i.e., at the right and left lip corners and above the

upper and below the lower lip. Two markers were placed in

the middle, approximately 1 cm above the right and left eye-

brow, respectively. One marker was placed above the nose

bridge, approximately 5 mm above the marker placed in the

middle of the glasses. These two markers did interfere for

some speakers, and in such cases, they were excluded from fur-

ther investigation. Three other markers that served as reference

points were fixed on the frame of the glasses. The left and right

markers on the glasses were chosen to calculate the distance to

the markers placed above the left or right eyebrow, respec-

tively. The eyebrow values submitted to the analysis (marker 1

and marker 2) were mean values of the three-dimensional (3D)

Euclidean distance calculated within the acoustically defined

window from II to VI (see Fig. 2), i.e., over the sentence-final

word. Taking the average value might have been a conserva-

tive approach, and the effects may have been more extreme

when extracting only the maximum. However, taking the aver-

age value is more robust than picking out one specific value.

Furthermore, defining a clear on- and offset like in articulatory

gestures was not always possible in the data. There may also

be minimal delays between motions and acoustics. For this rea-

son, we decided to take an average over time and a larger tem-

poral window. Figure 1(B) illustrates the positions of the

markers. Markers are particularly light and developed by

OptiTrack for capturing oro-facial expressions.

The experiment took part in the interaction between a

conversational confederate and a participant. The confeder-

ate produced either a question or a statement. If she asked a

question, the informant was instructed to repeat the sentence

but respond with a statement, and conversely, if she pro-

duced a statement, the informant asked a question. The par-

ticipant changed neither the content of the sentence nor its

word order but only altered the intonation of the sentences;

see examples (5a) and (5b).

(5a) Question condition

Confederate: Er hat eine Bitte.

“He has a request.”

Informant: Er hat eine Bitte?

“He has a request?”
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(5b) Statement condition

Confederate: Er hat eine Bitte?

“He has a request?”

Informant: Er hat eine Bitte.

“He has a request.”

Forty sentences were constructed, i.e., 20 pairs of state-

ments and questions. They included strictly controlled words,

which were always bisyllabic with stress falling on the first

syllable, for instance, Bitte “request,” Masse “mass,” and B€alle

“balls.”3 All words consisted of an initial bilabial stop /p/, /b/,

or /m/, which was followed by the unrounded vowels /a, E, I/
differing in vowel height. The initial syllable always had a

CVC structure. The advantage of including bilabial stops is that

they involve lip closure in their articulatory realization, prior to

a lip aperture for the following vowel, see Sec. C. The lip aper-

ture varied from the largest for /a/ to the smallest for /I/.
The words were embedded in sentences with a similar

number of syllables, and they were placed in sentence-final

position. They carried an accent, so the intonation contour

included a pitch accent on the word and a boundary tone

reflecting the question vs statement distinction. This is in

line with the fact that in German, the nuclear accent falls on

the sentence’s final content word, i.e., the last stressed sylla-

ble in an intonational phrase (corresponding to a sentence in

our case). The boundary tone is high (H%) in polar ques-

tions and low in statements (L%) (Grice et al., 2005). The

experiment was proceeded by a short training session to

make sure that participants were able to hear and produce a

statement vs question distinction. In addition, during the

experiment, both the confederate and the assisting person (a

co-author of the paper) made sure that the participant pro-

duced the correct prosodic pattern.

Our data were elicited in visible and invisible mode. In

the visible mode, the confederate and the informant were sit-

ting in front of each other, while in the invisible mode, they

were separated by an artificial wall, as shown in Fig. 1(A).

The interlocutor spoke into a microphone that was posi-

tioned ca. 20 cm away from his/her mouth.

The experiment consisted of four stimulus blocks

linking two conditions, i.e., speech mode [normal vs whis-

pered speech] and visibility [visible vs invisible mode], as

presented in (6) below. Each block contained questions

and statements. The sentences were randomized, and three

repetitions of the randomized lists were performed. The

order of block presentations was also randomized for each

speaker.

(6) Blocks:

normal speech, participants see each other

whispered speech, participants see each other

normal speech, participants do not see each other

whispered speech, participants do not see each other.

B. Participants

In the experiment, 17 native speakers of German were

recorded [seven male and ten female speakers, mean age of

all speakers 30.9 (s.d.¼ 8.26)]. Each speaker was expected

to produce 160 items (overall: 17 speakers� 160 item-

s¼ 2720 items). Due to problems with markers during the

experiment and data processing, the number of items sub-

mitted to the analysis varied for each parameter: left eye-

brow, 2310 items (17 speakers); right eyebrow, 2293 items

(17 speakers); lip opening, 2566 items (17 speakers); acous-

tics, 2565 items (17 speakers).

FIG. 1. (Color online) (A) The experi-

mental setup displayed with a wall,

leading to a condition where partici-

pants did not see their interlocutor. (B)

Placement of the markers on the face

and the glasses (glasses were originally

transparent, here in black for anonym-

ization). (C) example for labelling the

minimum and maximum distance.
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C. Acoustic annotation and parameters

For the purposes of the present study, we manually

labeled the target word, i.e., the sentence-final word, from

the beginning of the closure to the end of the word using

Praat version 6.1.12 (Boersma and Weenink, 2020). Six

time points were determined from the spectrogram: (i) the

beginning of the sentence; (ii) the onset of the sentence-final

word, i.e., the onset of the stop phase of the initial stop cor-

responding to the end of the preceding undefined article;

(iii) the onset of the stop burst (or the beginning of the seg-

ment in the case of /m/); (iv) the onset of the vowel; (v) the

offset of the vowel; and (vi) the offset of the word corre-

sponding to the end of the sentence (see Fig. 2, where the

annotation of a sentence-final word Panne “slope” is exem-

plified). While we labeled different events, for duration

measurements, we only considered the duration of the final

word, i.e., the temporal differences between II and VI. We

chose only this domain because (i) temporal windows e.g.,

syllable or sentence, may be correlated, and (ii) final word

duration is the same temporal window that was used for the

measurements of eyebrow motions.

Apart from duration, we also measured the root mean

square (rms) amplitude of the vowel in the stressed syllable

and provided a more normalized measure, namely a rms

amplitude difference between the sentence-final unstressed

syllable and the stressed one. Doing so, we were not only

able to gain more information about more normalized ampli-

tude of the pronounced items, but we also controlled for the

fixed mouth-to-microphone distance.

(7) Acoustic parameters

• Duration of the sentence-final word;
• rms amplitude difference (rms amplitude of the word-

final syllable � rms amplitude of the word-prefinal

syllable).4

In addition, we calculated maximum F0 in normal

speech (with phonation) over the entire sentences to ensure

that maximum F0 peak was higher in the sentence-final

items in questions than in statements. Prior to the analysis,

the sentence duration was divided into ten equal intervals

and max F0 was excerpted for each interval.

D. Post-processing of motion capture data and
parameters

Regarding the analysis of oro-facial gestures, the motion

capture data were exported to the c3d format. Markers were

renamed according to their anatomical position using the

Biomechanical Toolkit (Barre and Armand, 2014). In the next

step, the 3D Euclidean distance between different markers by

making use of the formula shown in (8) was calculated,

(8) Distance ðmarker 1; marker 2Þ

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxmarker 1 � xmarker 2Þ2þ ðymarker 1 � ymarker 2Þ2
þðzmarker 1 � zmarker 2Þ2

s
:

The acoustic landmarks, i.e., the on- and offset of the final

word, were used as a temporal window to manually label the

articulatory events. For the lip distance, we manually deter-

mined the minimum for the labial stop and the maximum for

the vowel using the ginput function in MATLAB (MathWorks,

2017); see Fig. 1(C). This function uses a graphic as input and

provides the x and y coordinates of selected data points in

Cartesian space. The minimum and maximum time points

were labeled on the x axis, and the corresponding y values

were obtained using a custom-made script.

By using the formula in (8), we additionally calculated

the 3D distances between (i) the marker above the left eye-

brow and the marker on the left glass [Left Eyebrow], (ii)

the marker above the right eyebrow and the marker on the

right glass [Right Eyebrow]. The markers at the glasses

were fixed, while the eyebrows could move and increase or

decrease the distance measure. The eyebrow values submit-

ted to the analysis (marker 1 and marker 2) were mean val-

ues of the 3D Euclidean distance calculated within the

acoustically defined window from II to VI (see Fig. 2), i.e.,

over the sentence-final word.

FIG. 2. (Color online) Spectrograms and oscillograms for normal (left with F0 marked in blue) and whispered (right) speech. Six annotation landmarks were

placed in a sentence, Das war eine Panne (“This was a breakdown”).
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E. Statistical analysis

The statistical analysis of the data was conducted in the

RStudio software (version 2022.07.2þ576.0.0, RStudio

Team, 2022) by using the lmer4 (Bates et al., 2020) and the

emmeans packages (Lenth, 2019).

Linear mixed effect models were employed for assess-

ing the influence of SPEECH MODE [normal, whispered],6

VISIBILITY [visible, invisible], SENTENCE type [statement,

question], and VOWEL type [a, E, I] on LEFT EYEBROW, RIGHT

EYEBROW, and LIP APERTURE and the acoustic variables

WORD DURATION and rms AMPLITUDE DIFFERENCE, listed in

(7). Please note that our reference levels were unmarked

instances of the factors, i.e., [normal], [visible], [statement],

and [a]. We included a three-way interaction of our treat-

ment factors SPEECH MODE*VISIBILITY MODE*SENTENCE type

to test whether the dependent variables are most extreme in

the most marked condition, i.e., when speakers whisper, do

not see each other, and produce questions. We also added

VOWEL type [a, E, I] as a control variable to make sure that,

e.g., lip aperture is higher in [a] than in [I].
In addition, participants and items were included as ran-

dom intercepts, and SPEECH MODE [normal, whispered],

VISIBILITY MODE [visible, invisible], and SENTENCE type

[statement, question] were taken as random slopes for par-

ticipants and items. Due to the complexity of the models,

they often did not converge. In such cases, the results of the

random structure were examined, and if the slopes showed a

very high correlation (e.g., 1 or –1), they were removed

[Winter (2020), p. 259]. In addition, if the three-way interac-

tion of our treatment factors SPEECH MODE*VISIBILITY

MODE*SENTENCE type was not significant, it was removed.

This was the case only with respect to one model where

LEFT EYEBROW functioned as a dependent variable.

Otherwise, the same model [see (9)] was used for all other

variables,

(9) Final model

lmer (right eyebrow � (visibility þ speech_mode þ sentence_

type)^3þ vowelþ
(1 þ visibility þ speech_mode þ sentence_typejinformant)

þ (1jword), data¼ data)

If the interaction was significant, we also performed

pairwise comparisons of the mean values of the dependent

variables under different conditions by using the emmeans()

function from the emmeans package (Lenth, 2019). In addi-

tion, we used Bonferroni corrections for two related depen-

dent variables, i.e., LEFT EYEBROW and RIGHT EYEBROW. A

reason for this correction was that both eyebrows are com-

monly moving together and therefore are not assumed to

contribute independently to our research question.

The initial and final models for each dependent variable,

including estimates, standard errors (s.e.), degrees of freedom

(df), t-values, and p-values are provided in the supplementary

material.6 Please note that the models that include interactions

provide values for simple effects. The supplementary material6

also includes means, medians, s.d., range values of dependent

variables involved in significant interactions, and outputs of

pairwise comparisons of significant interactions.

In addition, we also examined whether oro-facial and

acoustic parameters show a linear relationship. To make the

data more comparable and to account for individual speech

rates, we z-scored them for each speaker independently.

WORD DURATION was selected as an acoustic parameter and

EYEBROW motion and LIP OPENING as oro-facial parameters.

The WORD DURATION was tested for a linear relation with each

of the oro-facial parameters, and we integrated by-speaker and

by-word random slopes for each variable, for example,

(10) Final model

lmer(z_scored_distance_left_eyebrow � z_scored_word_

duration þ (1þ z_scored_word durationjinformant) þ (1

þ z_scored_word_durationjword), data¼ data).

All data were pooled together. We also used Bonferroni

correction for LEFT EYEBROW and RIGHT EYEBROW for reasons

outlined above. Again, all models and their outputs are pro-

vided in the supplementary material6 (Tables XVI-XVIII).

See also the material in https://osf.io/7vq92/?view_only=c

64b31e59cca45d8b43ab5e735561064.

III. RESULTS

Before presenting our results, we will check whether

questions and statements are different with respect to F0.

For this reason, we calculated maximum F0 in normal

speech (with phonation) over the entire sentences divided

into ten equal time intervals. The results show a clear differ-

ence in F0 between questions and statements, which was

higher in the second part of the sentence, where the target

word was pronounced in a question, confirming that speak-

ers successfully realized the respective question or statement

intonation. Figure 3 shows maximum F0 values across all

sentences for each of ten normalized time intervals.

In Secs. III A and III B, we will provide oro-facial

results followed by acoustic results. Then we will check

whether and how these two parameter types interact.

FIG. 3. (Color online) Maximum F0 calculated for ten intervals in questions

and statements in normal speech. The dots show mean values, and the

whiskers show 95% confidence intervals.
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A. Oro-facial expressions

Regarding the left eyebrow, the interaction speech

mode*sentence type*visibility turned out to be not signifi-

cant. The only significant result revealed by our statistical

modeling was the interaction between speech mode and sen-

tence type (t¼ 3.588, p< 0.001). In particular, a difference

between questions and statements was larger in whispered

than in normal speech (see Fig. 4). A pairwise comparison

revealed that whispered questions were produced with a

higher left eyebrow raising in comparison to whispered

statements (t¼ 3.081, p< 0.05). Other pairwise comparisons

turned out to be not significant.

As for the right eyebrow, the interaction

visibility*speech mode*question type turned out to be signifi-

cant (t¼ –2.782, p< 0.05). As Fig. 5 shows, the highest eye-

brow raising was produced when speakers whispered,

produced questions, and did not see each other. Pairwise

comparisons revealed several significant results: the position

of the eyebrows in whispered questions under the invisibility

condition was significantly higher than in normally spoken

statements under the same invisible condition (t¼ 4.37,

p< 0.01). Also, the eyebrow raising in whispered questions

produced when the speakers did not see each other was sig-

nificantly higher in comparison to whispered statements spo-

ken when the speakers saw each other (t¼ 4.18, p< 0.05).

Furthermore, whispered questions produced in the invisible

condition were also produced with a higher eyebrow raising

as compared to whispered statements produced under the

same condition (t¼ 3.83, p< 0.05). However, it should be

noted that not each comparison between whispered questions

under the invisibility condition was higher from all other set-

tings (see Table VI in the supplementary material6 for all sig-

nificant comparisons).

As far as lip aperture is concerned, the three-way inter-

action between sentence type, speech mode, and visibility

turned out to be significant (t¼ –2.72, p< 0.01); see Fig. 6.

The highest mean value (4.06 cm) was found in whispered

speech under invisibility condition, but a pairwise compari-

son revealed only two significant differences involving those

productions, that is, whispered questions produced under

invisibility condition were produced with a higher lip open-

ing than normally spoken statements under the same condi-

tion (t¼ 3.54, p< 0.05) and normally spoken questions in

the visible condition (t¼ 4.04, p< 0.05); see Table IX in the

supplementary material for further comparisons. Regarding

the lip opening in vowels [a], [I], [E], our results show that

the lip aperture is larger in the vowel [a] than [I] (t¼ 9.003,

p< 0.001); no significant difference between [a] and [E] was

found. Please note that this is a simple effect, i.e., the com-

parisons refer to the reference level, which is a normally

spoken statement in the visible condition.

To sum up, our visual data only partly support our hypoth-

eses. Although the figures (and the mean values) point to a

cumulative effect, i.e., most intensified expressions in whis-

pered questions when speakers do not see each other, the statis-

tical modeling does not always show significant effects. It

should also be noted that the differences found between differ-

ent conditions were very small. Overall, the right eyebrow rais-

ing appears to be the most intensified oro-facial gesture

produced as a reaction to distorted vision, distorted speech sig-

nal, and more marked prosody.

B. Acoustics

Regarding sentence-final word duration differences, the

interaction speech mode*visibility*sentence type was

FIG. 4. (Color online) 3D distance between reference marker and left eye-

brow marker in the sentence-final word: interaction between speech mode

and sentence type. The dots show mean values, and the whiskers show 95%

confidence intervals.

FIG. 5. (Color online) 3D distance between reference marker and right eye-

brow marker in the sentence-final word: interaction between visibility,

speech mode, and sentence type. The dots show mean values, and the

whiskers show 95% confidence intervals.

FIG. 6. (Color online) 3D distance between upper and lower lip marker in the

sentence-final word: interaction between visibility, speech mode, and sentence

type. The dots show mean values, and the whiskers show 95% confidence

intervals.
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significant (t¼ –2.79, p< 0.01; see Fig. 7), and the differ-

ences in duration were far greater than with regard to oro-

facial expressions. This is reflected in the results of pairwise

comparisons: words in whispered questions produced when

the speakers did see each other were significantly longer in

comparison to words produced in all other conditions with

the exception of whispered statements produced in the invis-

ible condition [t¼ –1.79, not significant (n.s.)]; see Table

XII in the supplementary material.6

Furthermore, we also compared the rms amplitude dif-

ference between the sentence-final (unstressed) and the

sentence-prefinal (stressed) syllable of the target word. Due

to reduced intensity in whispered speech, we did not expect

the highest amplitude in whispered questions under invisi-

bility condition, and in fact, all rms differences in whispered

speech in function of visibility and sentence type were not

significant; see Table XIII in the supplementary material6

and Fig. 8. The three-way interaction between speech mode,

visibility, and sentence type was significant (t¼ 3.108,

p< 0.01); see Fig. 8. A pairwise comparison revealed sev-

eral significant differences: the rms difference in questions

produced with a normal voice under invisibility condition

turned out to be significantly higher than the same rms dif-

ference in all other conditions (see Table XV) apart from

questions produced with the normal voice when speakers

did see each other (t¼ –1.363, n.s). Note also that the ampli-

tude difference is negative for statements, which indicates

that the sentence-final, lexically unstressed syllable in state-

ments was produced with a lower amplitude than the lexi-

cally stressed sentence-prefinal syllable. An opposite

scenario was found in questions [see also in the supplemen-

tary material6 (Fig. 10(A)) for results of rms amplitude of

stressed and unstressed syllables].

C. Relation between acoustic and oro-facial
parameters

The results presented so far treated the oro-facial expres-

sions and acoustic parameters separately from each other. In

the following, we will examine to what extent the gestural and

acoustic parameters are related linearly. As mentioned above,

this was impossible for F0, which is entirely missing in the cat-

egory whispering. Also, the amplitude was severely reduced in

whispered speech, as shown Fig. 8. Therefore, we focused on

the question of whether word duration shows a linear relation

to right and left eyebrow motions and lip opening distance. All

variables were z-scored for each speaker.

The statistical analyses reveal that z-scored word duration

shows no relation to right eyebrow motion [see Figs. 9(A2)

and 9(B2); see Table XVII] but a relation to the left eyebrow

motion [see Figs. 9(A1) and 9(B1)] with larger amplitudes

(distances) for a longer duration (t¼ 4.89, p< 0.001; see Table

XVI in the supplementary material6). It might be surprising

that this relation does not occur in right eyebrow motion,

because both brows frequently move together. However, slight

facial asymmetries are common, and while the right eyebrow

may also move (as our results presented in Sec. III A indicate),

it does not do to the same degree as the left eyebrow to reach a

significant relation with word duration.

Moreover, we also found an effect of word duration on

lip opening (t¼ 6.54, p< 0.0001; see Table XVIII in the

supplementary material6), with longer words showing a

larger lip opening [see Figs. 9(A3) and 9(B3)].

In sum, word duration showed a positive relation to the

oro-facial parameters left eyebrow and lip opening but no

relation to the right eyebrow.

We also visualized the data in relation to whispered vs

normal speech [Figs. 9(A1)–9(A3)] and visibility vs invisi-

bility condition [Figs. 9(B1)–9(B3)]. A visual inspection of

the figures reveals that longer duration and more intensified

oro-facial expressions are found in whispered speech, and

more-intensified gestures, especially the left eyebrow move-

ment, are produced under the invisibility condition.

IV. DISCUSSION AND CONCLUSION

Our results lend only partial support to the hypothesis

that the most intensified oro-facial expressions occur when

speakers whisper, do not see each other, and produce ques-

tions. This cumulative effect was found to a larger extent in

the raising of the right eyebrow (although not all compari-

sons to other conditions yield significant results here).

Results for the lips show weaker effects to the audio and

visual distortions, and the left eyebrow, and the left eyebrow

was more raised when speakers whispered and produced

FIG. 7. (Color online) Word duration in function of visibility, speech mode,

and sentence type. The dots show mean values, and the whiskers show a

95% confidence interval.

FIG. 8. (Color online) rms amplitude difference between unstressed and

stressed syllable of the sentence-final words. The whiskers show 95% confi-

dence interval.
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questions, but no (in)visibility effect was found. It should

also be noted that the effects regarding oro-facial expres-

sions were rather small and non-obligatory. This is in line

with previous studies on eyebrow raising found in the pro-

duction of questions [see, e.g., Cav�e et al. (1996) and Cruz

et al. (2017)]. We interpret the eyebrow movements’ inten-

sification as non-obligatory boundary markers [see also

Ambrazaitis and House (2017)].

It is also worth pointing out that the eyebrows did not

move entirely in a parallel manner. The right eyebrow was

more active than the left eyebrow, but only the movement of

the left eyebrow showed a linear relation with word duration.

On the one hand, this may be surprising because both eye-

brows are commonly moving together, and in fact, a high cor-

relation between the eyebrows is to be expected [see, e.g.,

r¼ 0.81 correlation of eyebrow movements found for Persian

speakers by Sardhaei et al. (2022)]. On the other hand, how-

ever, differences in eyebrow motion have also been reported

elsewhere. Cav�e et al. (1996) found a greater variation in

movement magnitude for the left eyebrow in French, a result

that the authors tentatively attributed to differences between

brain hemispheres in the communication process. It might be

also the case that there are inter-cultural differences, i.e., more

raising of the right eyebrow in German as opposed to more

pronounced movements in the left eyebrow in other languages.

This speculation could be (dis)confirmed by larger-scale cross-

linguistic experimental evidence.

Furthermore, our results concerning acoustics and espe-

cially duration of the target words are much clearer than

those related to oro-facial expressions and show greater

effects: speakers produce the longest words if they whisper,

do not see each other, and produce questions (but the differ-

ence between questions and statements in the invisible con-

dition did not reach a significance). It is also evident that the

speech mode whispered vs normal speech introduced larger

differences than the invisibility condition. Finally, the

FIG. 9. (Color online) Scatterplots with by-speaker z-scored word duration (x axis) in relation to oro-facial parameters (y axis). Linear regression lines

(y�x) are given in dark blue and confidence bands in gray. (A1)–(A3) correspond to models with z-scored word duration where data points corresponding to

whispered speech are visualized in light blue and data points visualizing normal speech in gray. (B1)–(B3) correspond to models with z-scored word dura-

tion where data points showing visibility condition are visualized in light blue and data points corresponding to invisibility condition in gray.
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amplitude difference was highest in questions when it was pro-

duced under invisibility condition when speakers spoke nor-

mally. (Please recall that the amplitude in whispered speech

was inherently severely reduced, and therefore a comparison

to whispered speech always leads to significant differences.)

Our results can be interpreted considering two hypothe-

ses: the trade-off hypothesis according to which gestures are

produced to help the listener understand the message

(Alibali et al., 2001) and the hand-in-hand hypothesis

according to which gesturing helps the speaker to reduce

cognitive load (Goldin-Meadow et al., 2001). Thus, follow-

ing the trade-off hypothesis, we expect oro-facial expres-

sions to “take over” some of the communicative load if the

speech signal is deprived of its main acoustic parameters, as

in the case of whispered speech. The trade-off hypothesis

also predicts that when the visual signal is degraded as in

the visibility condition (e.g., in telephone communication),

acoustic information may be enhanced for communicative

purposes. However, if people gesture more for their own

benefit [see also Kita (2000)], we would expect no differ-

ence in the visible vs invisible condition, and an enhance-

ment of acoustic properties would go hand-in-hand with the

enhancement of oro-facial motions. Such a result would be

in line with the hand-in-hand hypothesis.

Our experimental design included communicative situa-

tions where the acoustic signal was either normal or degraded

due to an absence of F0 and reduced amplitude (whispering)

and situations where oro-facial gestures were visible or not to

the interlocutor [(in)visibility of the interlocutor].

Our results tend to partially support the trade-off

hypothesis because we see tendencies to cumulative effects

in the data. Please note that none of our results point to the

opposite direction, i.e., less intensified gestures and shorter

duration in the investigated “marked” conditions with dis-

torted speech or vision were not found.

Whispering is a speech mode with reduced intensity and

an absence of F0 in comparison to normal speech. If the trade-

off hypothesis held true, we would expect more intensified ges-

tures. Our data show that it is not only gestures that react to the

distorted signal, but the “remaining” acoustic parameters, such

as duration, intensively react to the changes in the communica-

tion settings. Moreover, as our data show, there are significant

positive correlations between left eyebrow and duration as well

as lip opening and duration, indicating cumulative effects

between speech and oro-facial expressions. As we assume, the

effects are used to achieve a communicative goal in contexts

where auditory or visual information are distorted.

In summary, our data lend support to the trade-off hypoth-

esis between acoustics and gestures, and they also provide evi-

dence for synergy effects. There are not only compensation

effects taking place between speech signal and gesturing, but

if the speech signal becomes distorted, the compensation takes

place in the acoustics (longer duration) and gesturing (more

intensified oro-facial expressions). Conversely, if the vision is

distorted, the oro-facial expressions along with duration are

intensified. This interaction shows a close relation between

speech signal and gesturing.

We also found very similar compensation effects apply-

ing to the visual-acoustic relationship in our previous study,

where we only investigated whispered vs normal speech

( _Zygis et al., 2017a). However, the integration of the (in)vis-

ibility condition in the present study revealed that oro-facial

gestures showed larger amplitudes when the interlocutor

was not visible. Thus, the results imply that oro-facial ges-

tures are not necessarily used by the speaker to provide

visual information for the communication partner. They are

rather realized in parallel with a longer acoustic duration in

whispered speech in comparison to normal speech. In other

words, the results reveal that oro-facial expressions are inde-

pendent of mutual visibility, similarly to, e.g., beat gestures

(Alibali et al., 2001), which in turn supports the hand-in-

hand hypothesis. The findings are also in line with the

results presented by Cvejic et al. (2012a), who showed that

items produced in an invisible condition were longer and

more intense than those produced in face-to-face conditions.

As for the differences between the production of statements

and polar questions, our design included the same word order in

both types of sentences to ensure that they differed only in into-

nation, which was rising in polar questions and falling in state-

ments. Our results reveal more intensified oro-facial expressions

in questions than in statements. They were generally more

intense in whispered speech than in normal speech and more

intense in the invisibility condition than when the speakers saw

each other. The movements with larger average displacement

occurred in whispered questions when speakers could not see

each other. We interpret this as a greater cognitive load on

speakers when producing questions with increasing intonation

compared to utterances where an additional increase in F0 is not

required to achieve the communicative goal. Note also that the

amplitude difference was positive for questions, indicating that

the sentence-final lexically unstressed syllables were produced

with higher amplitude than the stressed prefinal syllable. This

was a rather unexpected result, and it suggests that the increased

amplitude could partially correlate with the increased F0, a topic

we are leaving to future studies (see Petrone et al., 2017).

Finally, it should be stressed that the current study is lim-

ited to speech production strategies, as we did not test how

interlocutors perceive the available acoustic and visual cues in

different settings. Moreover, a controlled laboratory experiment

was carried out. Whether or not similar results will also be

found under natural conditions requires further investigation.

In summary, by examining the relationship between the

acoustic signal and oro-facial expressions when speakers (i)

speak normally or whisper, (ii) do or do not see each other,

and (iii) produce questions as opposed to statements, we

found cumulative effects: both oro-facial expressions and

acoustic parameters were intensified in the “marked” condi-

tions. The results are interpreted in terms of two hypotheses,

i.e., the hand-in-hand and trade-off hypotheses. The rela-

tionship between acoustic properties and gestures does not

provide straightforward support for one or the other hypoth-

esis. Depending on the condition, more pronounced gestures

and longer duration compensated for the lack of the F0 (sup-

porting the trade-off hypothesis), but since the gestures were
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also enhanced when the listener was invisible, we conclude

that they are not produced solely for the need of the listener

(supporting again the hand-in-hand hypothesis), but rather

they seem to help the speaker to achieve an overarching

communicative goal.
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Alibali, M., Heath, D. C., and Myers, H. J. (2001). “Effects of visibility

between speaker and listener on gesture production: Some gestures are

meant to be seen,” J. Mem. Lang. 44, 169–188.

Ambrazaitis, G., and House, D. (2017). “Multimodal prominences:

Exploring the patterning and usage of focal pitch accents, head beats and

eyebrow beats in Swedish television news readings,” Speech Commun.

95, 100–113.

Ambrazaitis, G., and House, D. (2022). “Probing effects of lexical prosody

on speech-gesture integration in prominence production by Swedish new

presenters,” J. Assoc. Lab. Phon. 24, 1–35.

Barre, A., and Armand, S. (2014). “Biomechanical Toolkit: Open-source

framework to visualize and process biomechanical data,” Comput.

Methods Programs Biomed. 114, 80–87.

Bates, D., Maechler, M., Bolker, B., Walker, S., Christensen, R. H. B.,

Singmann, H., Dai, B., Scheipl, F., Grothendieck, G., Green, P., and Fox,

J. (2020). “Package ‘lme4’ (version 1),” https://cran.r-project.org/web/

packages/lme4/lme4.pdf (Last viewed November 28, 2022).

Bavelas, J., Gerwing, J., Sutton, C., and Prevost, D. (2008). “Gesturing on

the telephone: Independent effects of dialogue and visibility,” J. Mem.

Lang. 58, 495–520.

Boersma, P., and Weenink, D. (2020). “Praat: Doing phonetics by computer

(version 6.1.12) [computer program],” http://www.praat.org/ (Last viewed

May 20, 2022).

Casasanto, D. (2013). “Gesture and language processing,” in Encyclopedia
of the Mind, edited by H. Pashler (Sage, Los Angeles), pp. 372–374.

Cav�e, C., Guaitella, I., Bertrand, R., Santi, S., Harlay, F., and Espesser, R.

(1996). “About the relationship between eyebrow movements and F0

variations,” in Proceedings of Fourth International Conference on

Spoken Language Processing, October 3–6, Philadelphia, pp.

2175–2178.

Cruz, M., Swerts, M., and Frota, S. (2017). “The role of intonation and

visual cues in the perception of sentence types,” Lab. Phon. 8, 1–24.

Cvejic, E., Kim, J., and Davis, C. (2010). “Prosody off the top of the head:

Prosodic contrasts can be discriminated by head motion,” Speech

Commun. 52, 555–564.

Cvejic, E., Kim, J., and Davis, C. (2012a). “Effects of seeing the interlocu-

tor on the production of prosodic contrasts,” J. Acoust. Soc. Am. 131(2),

1011–1014.

Cvejic, E., Kim, J., and Davis, C. (2012b). “Recognizing prosody across

modalities, face areas and speakers: Examining perceivers’ sensitivity to

variable realizations of visual prosody,” Cognition 122, 442–453.

Dachkovsky, S., and Sandler, W. (2009). “Visual intonation in the prosody

of a sign language,” Lang. Speech 52, 287–314.

De Ruiter, J. P., Bangerter, A., and Dings, P. (2012). “The interplay

between gesture and speech in the production of referring expressions:

Investigating the tradeoff hypothesis,” Top. Cogn. Sci. 4, 232–248.

Dohen, M., and Loevenbruck, H. (2008). “Audiovisual perception of pro-

sodic contrastive focus in whispered French,” J. Acoust. Soc. Am. 123,

3460.

Dohen, M., and Loevenbruck, H. (2009). “Interaction of audition and vision

for the perception of prosodic contrastive focus,” Lang. Speech 52,

177–206.

Fan, X., Godin, K. W., and Hansen, J. H. L. (2011). “Acoustic analysis of

whispered speech for phoneme and speaker dependency,” in Proceedings
of Interspeech 2011, August 28–31, Florence, Italy, pp. 181–184.

Goldin-Meadow, S., Nusbaum, H., Kelly, S. D., and Wagner, S. (2001).

“Explaining math: Gesturing lightens the load,” Psychol. Sci. 12,

516–522.

Goujon, A., Bertrand, R., and Tellier, M. (2015). “Eyebrows in French talk-

in-interaction,” in Proceedings of Gesture and Speech in Interaction,

September 2–4, Nantes, France.

Grice, M., Baumann, S., and Benzm€uller, R. (2005). “German intonation in

autosegmental-metrical phonology,” in Prosodic Typology: The
Phonology of Intonation and Phrasing, edited by S.-A. Jun (Oxford

University, Oxford, UK), pp. 55–83.

Gua€ıtella, I., Santi, S., Lagrue, B., and Cav�e, C. (2009). “Experimental

investigation of the link between eyebrow movements and turn-taking,”

in Proceedings of Gesture and Speech in Interaction, September 24–26,

Poznan, Poland.

Heeren, W., and Van Heuven, V. J. (2009). “Perception and production of

boundary tones in whispered Dutch,” in Proceedings of Interspeech 2009,

September 6–10, Brighton, UK, pp. 2011–2414.

Heeren, W., and Van Heuven, V. J. (2011). “Acoustics of whispered bound-

ary tones: Effects of vowel type and tonal crowding,” in Proceedings of
the XVIIth ICPhS, August 17–21, Hong Kong, pp. 851–854.

Heeren, W. F. (2015a). “Vocalic correlates of pitch in whispered versus

normal speech,” J. Acoust. Soc. Am. 138(6), 3800–3810.

Heeren, W. F. (2015b). “Coding pitch differences in voiceless fricatives:

Whispered relative to normal speech,” J. Acoust. Soc. Am. 138(6),

3427–3438.

Higashikawa, M., Green, J. R., Moore, C. A., and Minifie, F. D. (2003).

“Lip kinematics for /p/ and /b/ production during whispered and voiced

speech,” Folia Phoniatr. Logop. 55, 17–27.

Higashikawa, M., Nakai, K., Sakakura, A., and Takahashi, H. (1996).

“Perceived pitch of whispered vowels—Relationship with formant fre-

quencies: A preliminary study,” J. Voice 10, 155–158.

Hoetjes, M., and Masson-Carro, I. (2017). “Under load: The effect of verbal

and motoric cognitive load on gesture production,” J. Multimodal

Commun. Stud. 4, 29–35.

Holler, J., and Levinson, S. C. (2019). “Multimodal language processing in

human communication,” Trends Cogn. Sci. 23(8), 639–652.

House, D., Beskow, J., and Granstr€om, B. (2001). “Timing and interaction

of visual cues for prominence in audio-visual speech perception,” in

Proceedings of Eurospeech 2001, September 3–7, Aalborg, Denmark, pp.

387–390.

Jin, Q., Jou, S. C. S., and Schultz, T. (2007). “Whispering speaker identi-

fication,” in Proceedings of the IEEE International Conference on
Multimedia and Expo, July 2–5, Beijing, China, pp. 1027–1030.
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