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ARTICLE INFO ABSTRACT

Purpose: The aim of this study was to investigate infants’ listening preference
for emotional prosodies in spoken words and identify their acoustic correlates.
Method: Forty-six 3- to-12-month-old infants (M.ge = 7.6 months) completed a
central fixation (or look-to-listen) paradigm in which four emotional prosodies
(happy, sad, angry, and neutral) were presented. Infants’ looking time to the
string of words was recorded as a proxy of their listening attention. Five acous-
tic variables—mean fundamental frequency (F0), word duration, intensity varia-
tion, harmonics-to-noise ratio (HNR), and spectral centroid—were also analyzed
to account for infants’ attentiveness to each emotion.

Results: Infants generally preferred affective over neutral prosody, with more lis-
tening attention to the happy and sad voices. Happy sounds with breathy voice
quality (low HNR) and less brightness (low spectral centroid) maintained infants’
attention more. Sad speech with shorter word duration (i.e., faster speech rate),
less breathiness, and more brightness gained infants’ attention more than happy
speech did. Infants listened less to angry than to happy and sad prosodies, and
none of the acoustic variables were associated with infants’ listening interests in
angry voices. Neutral words with a lower FO attracted infants’ attention more than
those with a higher FO. Neither age nor sex effects were observed.

Conclusions: This study provides evidence for infants’ sensitivity to the proso-
dic patterns for the basic emotion categories in spoken words and how the
acoustic properties of emotional speech may guide their attention. The results
point to the need to study the interplay between early socioaffective and lan-
guage development.
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Language development takes place in a socioemo-
tional environment that includes both linguistic and social
inputs (Chong et al., 2003; Conboy et al., 2015; Golinkoff
et al., 2015; Ramirez-Esparza et al., 2014). One source of
important social information in natural speech is emotional
prosody, the way that people express different emotions
with their voices. Emotional prosody plays a major role in
infants’ early interaction with caregivers. Young infants
with limited lexical skills rely on vocal emotions to commu-
nicate, share affection, and play with their conversational
partners (Walker-Andrews, 2008). Reciprocally, caregivers
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make use of emotions in voice to guide and regulate
infants’ behaviors in uncertain or even dangerous situations
(Vaish & Striano, 2004). For these reasons, differentiating
and understanding emotional information in speech is
indispensable to infants’ socioemotional and communica-
tive skills. However, very little is known about the early
development of emotional speech processing in the first
year of life.

Emotional prosody is not only important for infants’
concurrent communication but also central to their future
language and cognitive development (Barrett et al., 2007,
Hoemann et al., 2019; Hohenberger, 2011). Some recent
empirical works pointed to the link between emotional
speech and early language learning, but noting that emo-
tional contexts are not always facilitative. For instance,
7.5-month-old infants cannot recognize the words they
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learned in a different emotional tone (Singh et al., 2004).
A follow-up study further showed that young infants
might prioritize the affective cue over phonemic cue and
falsely recognize similar-sounding nonwords with the same
emotional tone, but not correctly recognizing the target
word with a different emotional tone (Singh, 2008). To
refocus infants’ attention to the crucial phonemic cues to
learn new words, Singh (2008) introduced multiple emo-
tional tones to create an enriched word-learning context.
With high emotional prosodic variations, 7.5-month-old
infants successfully recognized words presented in a novel
emotional voice. This ability to generalize the learned
phonemic cues across paralinguistic contexts was only pre-
viously observed in 10-month-old infants, who may better
leverage the affective cues in word learning (Singh et al.,
2004). Older infants and children can further follow the
vocal emotional cues to navigate ambiguous information
(Berman et al., 2010; Paquette-Smith & Johnson, 2016).
In this regard, simple affective cues with low acoustic var-
iations may compete with the crucial phonemic cues in
younger but not older infants’ word learning, while intro-
ducing more emotional variants or increasing input varia-
bility (as typically found in infant-directed speech [IDS])
may encourage infants to extract the invariant phonetic
features and promote a more robust word representation
(Apfelbaum & McMurray, 2011; Houston, 1999; Houston
& Jusczyk, 2000). Despite the prevalence and importance
of emotional prosody in natural speech, developmental
studies on spoken language tend to focus on phonetic and
phonological processing, and infants’ emotional speech
perception has not been thoroughly studied (Grossmann,
2010). Furthermore, very few infant studies directly incor-
porated the acoustic components of emotional voice into
explaining infants’ listening behaviors. One report system-
atically compared 6-month-old infants’ selective attention
to happy, sad, and neutral speech sounds with separate
acoustical and looking time analyses (Singh et al., 2002).
The same report suggested that positive affect may be the
main determinant of infants’ listening attention, and the
relevant acoustic features such as the mean fundamental
frequency (FO) may be the secondary determinant. This
study followed up this idea by including the angry pro-
sody and examined within-infant listening preference to
the four emotional prosodies (happy, angry, sad, and neu-
tral). The roles of emotion-relevant acoustic parameters
were also directly included in examining infants’ attention
to the emotional information in speech.

Acoustic Properties of Emotional Prosody
in Speech

Emotional prosody in human voices is mainly regis-
tered by the mean, range, and variations of the FO (pitch
of the sound) and the sound intensity level (Banse &

Scherer, 1996). It is also finely characterized by other
temporal and spectral acoustic parameters such as speech
rate, pausing, and energy distribution in the spectrum
(Bachorowski & Owren, 2008; Johnstone & Scherer, 2000;
Murray & Arnott, 1993). Generally, happy and angry
sounds are expressed through greater FO measures (mean,
range, and variations), greater intensity measures (mean,
range, and variations), and faster speech rate (i.e., shorter
word durations; see comparison tables in Banse & Scherer,
1996; Johnstone & Scherer, 2000). On the contrary, sad
voices tend to have lower or compressed FO- and intensity-
related measures (mean, range, and variations) and slower
speech rate (i.e., longer word durations; Banse & Scherer,
1996; Johnstone & Scherer, 2000).

Although FO, intensity, and word duration are the
key acoustic features of vocal emotions, speech quality
measures such as harmonics-to-noise ratio (HNR; breathi-
ness of the sound) and spectral centroid (brightness of the
sound) also contribute to listeners’ emotional speech recogni-
tion (Amorim et al., 2021; Benders, 2013; Liu & Pell, 2012).
For instance, happy and sad voices have a relatively higher
HNR and sound less breathy than angry voices (Liu & Pell,
2012; Patel et al., 2011), and angry voices have higher varia-
tions in HNR (Jaywant & Pell, 2012). For energy distribu-
tion along the spectrum, happy and angry voices usually
have higher spectral centroids and sound brighter than sad
sounds (Mokhsin et al.,, 2014; but also see Cunningham
et al., 2018). Even with these and many more acoustic fea-
tures, there is no predetermined set of acoustic parameters
that can perfectly capture authentic emotional prosody
(Schroder, 2001). In this study, we adopted the top five
acoustic predictors of perceived vocal emotion in a recent
longitudinal study (Amorim et al., 2021) to explain infants’
listening patterns. The five acoustic variables were (a) mean
FO, (b) word duration, (c) intensity variation, (d) HNR, and
(e) spectral centroid.

Infants’ Responses to Basic Emotional
Prosodic Categories and Developmental
Changes

Infants’ auditory perception of emotion has not been
as thoroughly studied as the visual perception of facial
expressions. Studies suggest that they are generally good
at picking up happy sounds (Grossmann, 2010). One early
report found that newborns opened their eyes more when
listening to their maternal language (English) in a happy
voice than sad and neutral voices, but they listened simi-
larly to happy and angry sounds (Mastropieri & Turkewitz,
1999). Although it is possible that newborns were simply
paying attention to the acoustic correlates of high-arousal
vocal expressions (higher FO and intensity), newborns in
this study responded equally to all emotional voices in a
foreign language. These results indicate that newborns
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already show differential listening attention to vocal expres-
sions of emotions, and their listening patterns cannot be
entirely explained by the acoustic information (Aldridge,
1994). Walker-Andrews and Grolnick (1983) examined
infants’ listening sensitivity to happy and sad sounds by
switching the speech from one emotion to another in a
habituation task. When comparing the listening times to
the switched emotion, 3-month-old infants showed 10-fold
more increased listening times to the happy sound (when
switched from sad) than the sad sound (when switched
from happy). The findings demonstrated easier voice
change detection from sad to happy sounds and may sug-
gest a listening bias toward happy prosody. In the same
study, 5-month-old infants also detected emotional voice
change in both presenting orders, but no happy prosody
bias was observed. Follow-up studies used a similar testing
protocol and included angry prosody for comparisons
(Flom & Bahrick, 2007, Walker-Andrews & Lennon,
1991). Infants older than 5 months were found to detect
vocal emotional change reliably from any emotional con-
trasts (any two emotions from happy, angry, and sad),
except when the change was from angry to happy voice
(Walker-Andrews & Lennon, 1991). These results suggest
that infants before the age of 1 year can already differenti-
ate between basic emotional prosody, with an early listen-
ing preference toward the happy voice and some degree of
confusion between happy and angry prosodies. There is evi-
dence for an early developmental change as infants younger
than 5 months were confused more when angry prosody
was included in the task, but not the older infants (Flom &
Bahrick, 2007). One limitation is that these findings were
largely restricted to tests using binary (pairwise) emotional
change detection (except the newborn study in Mastropieri
& Turkewitz, 1999). As emotional speech is much more
complex than a binary contrast, there is a need to examine
within-infant responses to more than two vocal emotions.
The literature also suggests a gradual change in
infants’ sensitivity to different emotional prosodies over
their first year of life. Newborns are more responsive to
happy sounds (Mastropieri & Turkewitz, 1999), demon-
strating basic discrimination between happy and the other
emotions. Three-month-old infants can also discriminate
between happy and sad sounds, but they only succeed
when the sad prosody was presented first (Walker-
Andrews & Grolnick, 1983). This inconsistent discrimina-
tion of the two emotions showed that young infants’ emo-
tional prosody processing is still immature and unstable at
this age. It also implies an early listening preference for
the happy voice. Five-month-old infants are no longer
limited by the sound presenting order and can successfully
differentiate between happy, sad, and even angry vocal
expressions (Walker-Andrews & Lennon, 1991), showing a
more mature emotional prosody discrimination. When
infants turn 7 months, they can differentiate between happy

and neutral sounds even when some asynchronous talking
face videos were presented (Walker, 1982). By 9 months,
infants can use their parents’ vocal expressions to make
appropriate decisions in uncertain situations (Mumme et al.,
1996; Paquette-Smith & Johnson, 2016). These studies
showed that infants become more sophisticated listeners of
emotional prosody as they gain more listening experiences.
Even though this developmental trend has been primarily
derived from sound discrimination tasks, we would expect
to see older infants to show more distinct listening pat-
terns than younger infants for the four different categories
of vocal emotional expressions.

Acoustic Contributors to Attentional
Processing of Emotional Prosody in Infancy

Previous studies on infants’ emotional speech per-
ception have seldom included analyses of the acoustic
parameters that may help explain their listening attention
(except Singh et al.,, 2002). Most reports focused on
infants’ preference for IDS (The ManyBabies Consortium,
2020) and its relevant acoustic correlates (e.g., Fernald &
Kuhl, 1987), but not the emotional component within IDS
and the relevant acoustic features. Singh et al. (2002) con-
ducted serial experiments to investigate emotional voices
(happy, sad, and neutral) independently from the speech
style of IDS (baby talk, per the original report) and adult-
directed speech (ADS) in 6-month-old infants. Longer lis-
tening times to happy than neutral speech were observed
across speech styles, but longer listening times to neutral
than sad speech were only observed when the neutral
speech was in IDS (featured by a higher pitch). The authors
concluded that relatively positive affect is the main determi-
nant of infants’ attention, and the acoustic feature (i.e., the
mean FO) is the secondary determinant.

Due to a lack of systematic report on the roles of
other acoustic parameters in infants’ emotional speech
processing, we hereby review some key acoustic contribu-
tors to infants’ preference for IDS—a speech style that is
closely related to emotional speech. There is a consensus
that infants prefer IDS to ADS (The ManyBabies
Consortium, 2020). The general explanation is that infants
pay more attention to the acoustic features in IDS, such
as a higher mean FO and a lengthened word duration
(Fernald & Simon, 1984; Fernald et al., 1989; Stern et al.,
1982). Indeed, infants listen more to speech with a higher
mean FO when the sound intensity was held constant
(Fernald & Kuhl, 1987; Masapollo et al., 2016). Further-
more, the spectral information at higher frequencies is cru-
cial in determining young infants’ listening preference, as
it has been shown that removing this information reduces
infants’ listening bias to IDS (Cooper & Aslin, 1994). As
for word durations, an age-dependent listening preference
has been observed. Infants younger than 6 months attend
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more to words with longer duration, whereas infants older
than 8 months do not (Kitamura & Notley, 2009; Panneton
et al, 2006). In other words, younger infants preferred
lengthened word durations as in the IDS, but not the
older infants.

Past evidence on the roles of intensity variation and
HNR in IDS is less clear than FO and word durations.
Sound intensity levels have usually been controlled in
infant listening tasks. Thus, the previous studies seldom
included intensity-related measures. HNR was rarely mea-
sured, for the breathy voice quality has not been the focus
of infants’ preferential listening. One recent study showed
that IDS sounds breathier, and this breathy voice may be
used to soothe or calm the infants (Miyazawa et al.,
2017). Even though the relation between breathiness in
voice and infants’ listening preference is indirect, HNR is
worth quantifying to expand our understanding of early
emotional speech perception. In summary, mean F0, spec-
tral information, and word duration have all been shown
to be related to infants’ listening preference, and develop-
mental differences may exist for the preference of word
durations. Intensity variations and HNR are important
acoustic constituents of emotional prosody, and they may
be relevant to infants’ emotional speech perception. By
including these acoustic variables, we can begin to under-
stand how acoustic components act on early listening
attention to vocal expressions of emotions.

This Study

This study serves to fill the knowledge gap on
infants’ emotional prosody perception by investigating 3-
to 12-month-old infants’ listening attention for four basic
vocal emotions—happy, sad, angry, and neutral. In addi-
tion, we included five relevant acoustic parameters—mean
FO, intensity variation, word duration, HNR, and spectral
centroid—to examine their roles in infants’ listening atten-
tion to emotional speech. These five acoustic parameters
were all included as trial-level fixed factors to examine
their roles in infants’ listening attention to the four emo-
tions. We adopted the infant-controlled central fixation
paradigm (also called the look-to-listen paradigm) used by
Shultz and Vouloumanos (2010) to investigate within-
infant listening attentiveness to four emotions. In this
paradigm, infants’ looking time during each sound presen-
tation was used as a proxy measure of their listening
attention. In accordance with previous reports on infants’
preference for the positive voice (Singh et al., 2002), we
predict that the 3- to 12-month-old infants in this study
should listen longer to the happy prosody. Angry and
happy voices share similar acoustic profiles (Tato et al.,
2002), and young infants tended to confuse the two (Flom
& Bahrick, 2007). Therefore, we expected to see an age
effect such that the older infants would show more

attention to the happy voice than the angry voice, but the
younger infants would listen similarly to the two emo-
tions. Past evidence indicates that infants can discriminate
sad emotions from other emotions, but very few reports
directly tested infants’ listening preference for sad sounds.
Singh et al. (2002) observed a shorter listening time to the
sad than the neutral voice in 6-month-old infants that
may be explained by the negative affect and low-pitched
nature of the sad sound, but infants younger than 6 months
were not tested. If pitch plays a major role in emotional
speech perception, younger infants should pay the least
attention to sad sounds. Sadness in voice is also acousti-
cally marked by longer word durations. If word duration
plays a major role, younger infants would pay more atten-
tion to the sad voice that has lengthened word durations as
in the IDS.

Other than age differences, our study also examined
infants’ sex differences in their emotional prosody percep-
tion. Although one preferential listening study using IDS
did not show a significant sex effect (Fernald & Simon,
1984), there is some acoustic evidence that mothers used
different pitch ranges when interacting with male and
female infants (Kitamura & Burnham, 2003). It is thus a
legitimate question whether boys and girls process emo-
tional prosody differently within the first year of life.

Method
Participants

The final sample for statistical reports included 43
infants between the ages of 2 months 26 days and
11 months 11 days (male = 22, female = 21; My, =
7.6 months or 231 days). Initially, 46 typically developing
infants from 3 to 12 months (male = 25, female = 21;
Mg = 7.6 months or 229 days) were recruited through
advertisements, word of mouth, and the infant participant
pool of the Institute of Child Development at the Univer-
sity of Minnesota. All infants were born full-term (38—
42 weeks), healthy with normal hearing, and from
English-speaking families. The experimental protocol was
approved by the local institutional review board. Three
infants were excluded from further analysis due to vomit-
ing (n = 1), diaper changing (n = 1), or noise interruption
(n = 1) during the experiment. Parents signed the informed
consent for their children prior to the participation and
received $20 as monetary compensation upon completion.

Materials
The speech stimuli included 18 monosyllabic words

spoken in neutral, happy, sad, and angry prosodies by a
young female speaker. The words were “bar,” “base,”
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“chair,” “chat,” “choice,” “dog,” “germ,” “match,”
“merge,” “mill,” “sail,” “shack,” “shirt,” “tool,” “turn,”
“void,” “which,” and “yes.” These words were randomly
selected from a phonetically balanced list (Northwestern
University Auditory Test No. 6; Tillman & Carhart,
1966). The recordings of the words in different emotional
prosodies were from the Toronto Emotional Speech Set
(Dupuis & Pichora-Fuller, 2010). The sounds were
sampled at 24414 Hz, with the mean sound intensity levels
equalized using Praat 6.0.40 (Boersma & Weenink, 2020).
Table 1 summarizes the mean F0, duration, intensity var-
iation, HNR, and spectral centroid in each emotional pro-
sody. These five acoustic measures are commonly used to
characterize different vocal emotions (Amorim et al.,
2021; Banse & Scherer, 1996; Johnstone & Scherer, 2000;
Mani & Pitzold, 2016), and they are included in the later
statistical analysis.

We used a customized Praat script to concatenate
the 18 words with the same emotional prosody into a 32-s
trial, with 1-s silence between adjacent words. Four rando-
mized word orders were created for word concatenation
(see the Appendix for the four wordlists), and each word
order was used for happy, angry, sad, and neutral proso-
dies. This gave us a total of 16 trials that were presented
in a randomized block design. To familiarize the infants
with the listening procedure, we also included a 32-s music
clip with piano and theremin (an electronic musical instru-
ment) as the pretest stimulus.

Apparatus

The experiment was conducted in a quiet room with
walls covered with thick ceiling-to-floor black curtains.
The room was only lit by two dim lamps at two front cor-
ners. Infants sat on their caregivers’ lap and were 55 in.
away from a 22-in. LCD monitor. A video camera was
placed 8 in. below the monitor to record the whole ses-
sion. The stimuli were presented through Habit X (Cohen
et al., 2000) on an Apple MacPro desktop computer out-
side the curtained-off room. The speech stimuli were pre-
sented at 55 dB SPL through two hidden speakers behind

Table 1. The acoustic properties of each emotional prosody.

the monitor. During the task, the caregivers listened to
continuous music irrelevant to the current task through
circumaural headphones (Peltor Series 7000). An experi-
menter sitting outside the curtained-off room observed by
manually pressing a key on the computer keyboard to
code infants’ looking behaviors through the camera pro-
jected to a multifunctional computer monitor in a picture-
in-picture mode. The experimenter would long-press the
key “5” when the infant looked at the monitor and release
the key once the infant looked away.

Procedure and Experimental Design

An infant-controlled central fixation paradigm (i.e.,
look-to-listen paradigm, Shultz & Vouloumanos, 2010)
was adopted to examine infants’ listening attention to
happy, angry, sad, and neutral prosodies. Before each trial
started, an animated ball appeared in the center of the
screen to get the infant’s attention. Once the infant’s eye
gaze was fixated on the screen, the trial would start with
playing experimental sounds and a static bright-colored
checkerboard image on the screen. The infant’s total look-
ing time at the screen was monitored and recorded in each
trial, and the trial would be terminated once the infant
looked away for more than 2 s or when the 32-s sound
file ended. When a trial ended, the attention-getter (the
animated ball) resumed and prepared the infant for the
next trial. The experiment was controlled by a trained
experimenter.

The experiment was composed of one pretest and 16
test trials (four emotions each presented in four wordlists).
In the pretest trial, infants listened to a 32-s music clip
with piano and theremin (an electronic musical instru-
ment) to be familiarized with the listening procedure. The
order of the 16 test trials was pseudorandomized. We first
used the order of the wordlists to create four blocks, and
then we randomized the four emotions within each block.
An additional rule was that the same emotional prosody
would not be presented consecutively. The orders of the
wordlist and emotion were counterbalanced across infants.
The listening test lasted 5-10 min.

Intensity Spectral
Mean FO (Hz) Duration (ms) variation (dB) HNR (dB) centroid (Hz)
Emotions M SD M SD M SD M SD M SD
Angry 216.88 25.91 661 107 10.3 3.74 7.89 5.38 2160.65 1002.31
Happy 223.61 9.09 756 110 10.19 3.9 16.68 4.07 1151.06 264.22
Sad 174.58 25.44 831 106 9.59 3.51 17.5 3.75 630.87 405.11
Neutral 190.13 6.32 684 58 7.84 3.46 17.03 4.64 850.37 198.2

Note. The averaged values and standard deviations of the 18 words were used to report the mean fundamental frequency (F0), word dura-
tion, intensity variation, harmonics-to-noise ratio (HNR), and spectral centroid in each emotional prosody.
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Data Analysis

The looking time for each trial was calculated by
offline frame-by-frame video coding (PsyCode, http://psy.
ck.sissa.it/). If an infant missed a trial or the experimenter
terminated a trial prematurely, then the trials would be
removed without any data interpolation or replacement
(four trials were removed). The trials with listening times
shorter than 1 s (10 trials) or reaching the maximum
length of the sound file (one trial) were also excluded from
further analysis (Shultz & Vouloumanos, 2010). All partici-
pants had two or more trials in each emotion.

The acoustic variables were calculated trial-by-trial
after we obtained the offline looking time of each trial for
each infant. For a particular trial, we calculated the mean
acoustic measures up to the last complete word that the
infant heard before the trial stopped. For example, if an
infant listened to a trial for 15.5 s, which corresponded to
the middle of the 10th word in the original sound file, we
averaged the mean FO0, intensity variation, word duration,
HNR, and spectral centroid of the first nine complete
words that the infant heard in this trial (i.e., this sound
file) to be the five acoustic variables for this particular
trial. Through this trial-by-trial acoustic analysis, the five
acoustic variables can be directly included in the statistical
model using trial-level looking times as the dependent
variable. This acoustic analysis was completed in customized
Praat and R (https://www.r-project.org/) scripts.

All statistical analyses were completed in R with
the packages “lme4” (Bates et al., 2015), “ImerTest”
(Kuznetsova et al., 2017), and “emmeans” (Lenth et al.,
2018). We used a linear mixed-effect model to predict the
looking time of each individual trial as the dependent
variable. The looking times were log-transformed because
the residuals of the untransformed data of the same model
do not meet the assumptions of linearity, normality (at
both trial and participant levels), and variance homogene-
ity (see Csibra et al., 2016, for why log transformation is
recommended for looking time data). The initial model
included seven fixed-effect factors at trial level: emotion
(neutral, happy, sad, and angry'), trial number (1-16),
mean FO (numerical variable in Hertz), intensity variation
(numeral variable in dB), word duration (numerical vari-
able in second), HNR (numerical variable in dB), and
spectral centroid (numerical variable in Hertz). Interac-
tions between emotion and each acoustic variable were
also included. Participant-level fixed factors include sex
(female = 0, male = 1) and age (numerical variable in
months). To account for data dependency, the model
allows random intercepts for participant, wordlist (four

"This categorical variable was coded as orthogonal contrasts to avoid
difficulties in interpreting interactions (i.e., emotion and acoustic vari-
ables) when treatment contrasts are used.

word orders), and first-trial-or-not (the first trial = 1, the
following 15 trials = 0). Cross-level interactions of age
and emotion, and sex and emotion were also included. To
avoid model convergence problems, word durations and
spectral centroid were rescaled. The model syntax is pro-
vided in the footnote.”

Results

To achieve model parsimony, we used a deviance
test to select the model with the least number of para-
meters (i.e., the fixed and random effect factors) that can
still explain similar amounts of data variance as the initial
model (Woltman et al.,, 2012). Both participant-level
fixed-effect factors (age and sex) and their interactions
with emotion were removed based on the model selection
result. To demonstrate that age and sex did not explain
infants’ listening times to emotional speech, we ran a
participant-level model with age, sex, and emotion as the
only parameters and observed no significant effect. We
compared and summarized the initial model, participant-
level model, and the final model in Table 2. The potential
effect of different word orders (four word lists) as a fixed-
effect factor® was ruled out in a separate model. The fol-
lowing statistical results were from the final model fit onto
log-transformed individual trial looking times obtained
from offline frame-by-frame video coding (the online
individual-trial looking times yielded similar results).
Paired ¢ tests with Bonferroni corrections were carried out
to further investigate the emotion effect.

The main effects of emotion, F(3, 610) = 21.89, p <
.001; mean FO, F(1, 622) = 81.65, p < .001; word dura-
tion, F(1, 528) = 31.82, p < .001; intensity variation, F(1,
625) = 4.96, p = .03; and trial number, F(1, 593) = 41.24,
p < .001, were significant factors on infants’ listening
times. In general, infants’ listening times were longer to
the affective voices (angry, happy, and sad) than to the
neutral voice (ps < .001); they listened longer to happy
than angry voices (p < .001) and to sad than angry voices
(p = .003). Infants listened more to words with lower
mean FO0, to words with shorter durations (i.e., faster
speaking rate), and to words with greater intensity

’The following syntax was used for the initial model. The de-
identified data are accessible at https://doi.org/10.17605/OSF.10/
XDSAM. We dropped the main effects of participant-level factors
age and sex and the cross-level interactions between emotion and age,
and emotion and sex in the final model (see the first paragraph in the
Results section). Imer.initial = Imer(log( Trial_LookTime) ~ 1 + Emo-
tion + TrialNum + Emotion*f0_mean + Emotion*I(duration*1000) +
Emotion*intensity_sd + Emotion*hnr_mean + Emotion*Age + Emo-
tion*Sex + Emotion*I(spectral_centroid/10) + (1 | PID) + (1 |
WordList) + (1 | Trial_1), data = data_input, REML = TRUE)
3F(3, 630.5) = 0.35, p = .79.
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Table 2. F-statistics of the initial, participant-level, and final linear mixed-effect models using log-transformed looking times in individual trials

of each participant as the dependent variable.

Factor Initial model Participant-level model Final model
Trial-level fixed factors
Emotion 22.05* 2.45 21.89**
Mean fundamental frequency (FO) 80.44** 81.65*
Word duration 30.88"* 31.82"*
Intensity variation 4.95* 4.96*
Harmonics-to-noise ratio (HNR) 0.55 0.36
Spectral centroid 1.63 1.32
Trial number 41.20"* 41.24**
Emotion x Mean FO 32.57* 32.94**
Emotion x Word Duration 9.47** 9.97**
Emotion x Intensity Variation 9.78™* 10.00"*
Emotion x HNR 35.00"* 35.40"*
Emotion x Spectral Centroid 30.24*** 30.97
Participant-level fixed factors
Age 0.01 0.16
Sex 0.67 117
Cross-level interactions
Age x Emotion 0.65
Sex x Emotion 0.41
Goodness-of-fit (deviance) 1006.7 1428.4 1009.4

*o < .05, **p < .001.

variation. Finally, listening attention dropped as the task
proceeded. Figure 1 shows the main effects of emotion,
mean FO, word duration, and intensity variation. The
interactions between emotion and mean F0, F(3, 620) =

34.08, p < .001; word duration, F(3, 624) = 11.73, p <
.001; intensity variation, F(3, 630) = 14.52, p < .001;
HNR, F(3, 630) = 38.36, p < .001; and spectral centroid,
F(3, 624) = 32.84, p < .001, were all significant. Figure 2

Figure 1. The model predicted listening times to different (A) emotions, (B) mean fundamental frequency, (C) word duration, and (D) intensity
variation. These main effects should be cautiously interpreted because of their further interaction effects (shown in Figure 2).
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Figure 2. The model predicted listening times to different emotions modulated by (A) mean fundamental frequency, (B) word duration,
(C) intensity variation, (D) harmonics-to-noise ratio, and (E) spectral centroid. The 25th and 75th percentiles (from all trial-level acoustic mea-
sures) were used as high and low examples in illustrating the interactions between emotion and each acoustic variable.

A B
Mean Fundamental Frequency Low . High Word Durations
w
- 30 30
[
E
=
o 20 20
L
c
3 10 10
L
-
0 = 0 | S
Neutral Angry Happy Sad Neutral Angry
D E
Harmonics-to-Noise Ratio Low . High Spectral Centroid
E 30
[ 30
£
2
o 20
£
c
-l 10
0
. []
0 = ] — 0 e —-_—
Neutral Angry Happy Sad Neutral Angry

Cc

Short . Long Intensity Variations Low . High

30

20

‘
| -
|
10
2 [
|
. — mma. |

Happy Sad Neutral Angry Happy Sad

Low . High

Happy Sad

shows how each acoustic variable interacts with infants’
listening attention to different emotions.

The interactions between emotion and the acoustic
variables were mostly observed in happy and sad proso-
dies (except for the Mean FO x Emotion). For the interac-
tion between mean FO and emotion, infants only listened
more to lower FO in neutral prosody, and this is the only
acoustic parameter that affected listening times to the
words with neutral prosodies. In contrast, they listened
longer to happy and sad sounds with a higher FO, but
there was no listening difference across the two emotions.
In the interaction between word duration and emotion, we
observed a listening bias toward shorter words (i.e., faster
speech rate) in the sad prosody but not in the other three
prosodies. Sad prosody with shorter word durations even
maintained longer listening attention than the happy pro-
sody with shorter word durations. For the interaction
between intensity variation and emotion, infants listened
longer to happy prosody with lower intensity variation,
but not in the other three emotions. HNR indexes the
amount of aperiodicity in the speech signal. Infants lis-
tened more to the happy prosody with a lower HNR
(breathier in the speech), but they listened more to the sad
prosody with a high HNR (less breathy in the speech).
Sad prosody with higher HNR attracted more listening
attention than happy prosody with higher HNR. Finally,

there was a listening bias toward happy prosody with a
lower spectral centroid, but no similar effect was observed
in the other three prosodies. Similarly, sad prosody with a
higher spectral centroid drew infants’ attention more than
happy prosody with a higher spectral centroid.

Discussion

To better understand early emotional speech percep-
tion, we investigated infants’ listening attention to happy,
angry, sad, and neutral prosodies in spoken words. Nota-
bly, we used nonrepeating words to deliver the target
emotions to ensure that infants responded to the emo-
tional prosodic category, not the specific acoustic combi-
nations of the emotion and the repeated speech stimulus.
Moreover, we included five relevant acoustic variables in
our analyses—mean FO0, word duration, intensity varia-
tion, HNR, and spectral centroid—to outline their roles in
infants’ listening attention to emotional prosody.

Infants Preferred the Happy Prosody
Three- to 12-month-old infants in our study showed

listening preference for happy over neutral or angry pro-
sody, which confirms previous findings indicating that
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infants attended more to positive affect in voices (Benders,
2013; Corbeil et al., 2013; Singh et al., 2002). Additionally,
we found that infants listened even more to happy speech
with higher mean FO, less intensity variation, lower HNR,
and lower spectral centroid. Higher pitch in positive affec-
tion directed infants’ attention to the important social infor-
mation (Soderstrom, 2007), and it is a contributor to
infants’ listening preference to IDS (Fernald & Kuhl, 1987;
Leibold & Werner, 2007). Because there is no comparable
study on the roles of HNR, intensity variation, and spectral
centroid in infants’ listening attention to vocal happiness,
interpretations of these observations need to be taken with
caution. Breathy voices (lower HNR) may not be a com-
mon acoustic characteristic for the happy voice (Liu & Pell,
2012; Patel et al., 2011), but some breathy voice qualities
were introduced by mothers during reading tasks to carry
nonverbal intentions such as intimacy (Ishi et al., 2010).
Neither less intensity variation nor lower spectral centroid
(i.e., less brightness in sounds) is common in a typical
happy tone, but they may mimic the soothing voice
(Fernald et al., 1984) that infants frequently hear early in
life. Although the current paradigm may not distinguish
infants’ familiarity preference from novelty preference (both
manifested in longer listening times), infants tend to show
more attention to the novel features in stimuli that they are
exposed to more (Houston-Price & Nakai, 2004). There-
fore, happy voices with these uncommon acoustic features
may draw more attention because they differ from the typi-
cal happy voices that infants are familiar with. In brief, we
confirmed infants’ preference for happy affect in voices,
and we observed infants’ selective listening attention to
happy voices with nontypical acoustic constituents in happy
prosody.

Infants Did Not Turn Away From the Sad
Prosody

Surprisingly, infants responded similarly to both sad
and happy prosodies. This result contradicts the hypoth-
esis that they would listen less to sad than happy prosody
because of their preference for the positive affect (Singh
et al., 2002). Even though Singh and colleagues did not
directly compare infants’ listening attention between
happy and sad speech, they observed longer listening
times to happy than neutral sounds and neutral than sad
sounds,* regardless of the speaking styles (IDS or ADS).
One major difference was that this study introduced
another negative prosody—angry in the stimuli. The cur-
rent listening task with high affective variations in nonre-
peating spoken words per trial may provide a listening
context different from the context using fixed emotional

“Except that infants listened similarly to neutral ADS and sad IDS
without showing a preference for a relatively positive affect.

pairs (Singh et al., 2002). The enriched emotional context
may also encourage infants to adopt different listening
strategies (Singh, 2008), especially when negative affect was
included (Kiley Hamlin et al., 2010; Vaish et al., 2008).

Taking the acoustic features into account, infants’
listening times to the happy and sad emotions were very
close regardless of the mean F0O. High or low mean FO
also did not elicit different listening patterns within happy
or sad emotion, corroborating Singh et al.’s (2002) findings
on infants’ similar listening times to sad speech in IDS
and ADS (differed by the mean F0). Therefore, we cannot
conclude that mean FO plays a major role in driving
infants’ differential attention to sad and happy prosodies.
Neither did this result support our second exploratory
hypothesis that infants would listen more to sad sounds
because it shares longer word durations (slower speech
rate) with the IDS (Fernald & Simon, 1984; Fernald
et al.,, 1989; Stern et al., 1982). Instead, infants only lis-
tened more to sad speech when the word durations were
short, indicating that faster speech rate could better main-
tain infants’ listening attention to sad prosody. This effect
of duration in the sad speech was not observed in Singh
et al.’s (2002) report when ADS and IDS were compared.
Because the current report only used sad ADS, it is possi-
ble that the attention-maintaining role of a faster speak-
ing rate can only be observed in this listening context.
Except for shorter word durations, sad speech with a higher
HNR (less noise) and spectral centroid (brighter sound)
was associated with more of infants’ attention than the
happy speech with similar HNR and spectral centroid mea-
sures. Higher HNR and spectral centroid are two acoustic
characters (out of many) of happy sounds. Although it
may be overstretched to state that brighter voices with less
breathy quality introduce some positive affect into the sad
speech, perhaps both acoustic characters make the sad
ADS less sad sounding and more intriguing to infants.
Although there is a lack of similar empirical studies for a
direct comparison, our report on infants’ listening attention
to sad sounds and the modulating roles of word durations,
HNR, and spectral centroid provided some evidence for
future studies to test directly.

Infants Listened Less to Angry Prosody
Irrespective of the Acoustic Features

We did not observe an age effect in infants’ responses
toward happy and angry prosodies as predicted. Instead, all
infants paid more attention to the happy than angry pro-
sody. Given that the two vocal emotions share similar
acoustic features and were presented over nonrepeating
words, it is surprising that 3- to 12-month-old infants in
this study could still respond to the two differently. In the
study by Mastropieri and Turkewitz (1999), who presented
angry and happy speech from four female speakers to
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newborns, the newborns were able to generalize across
speakers and form two emotional prosodic categories. Tak-
ing the Mastropieri and Turkewitz (1999) together with
ours, we believe that infants before the age of 1 year can
extract emotional prosodic categories over various nonre-
peating examples and differentiate between happy and
angry voices, and they show the listening preference for
happy prosody right after birth. The five acoustic variables
did not modulate infants’ listening times to angry prosody,
indicating that infants’ lack of interest in angry sounds
could not be recovered by any of the included acoustic fea-
tures. This less attention to high-arousal negative speech
was in line with the study showing infants’ looking prefer-
ence for happiness to anger when audiovisual emotional
information was presented (Soken & Pick, 1999).

Neutral Tone Was the Least Interesting
Prosody Unless It Is With a Lower FO

Neutral prosody attracted the least listening atten-
tion compared with the other three emotional prosodies,
except when delivered at a lower FO. We initially included
neutral prosody as a reference, so we did not expect to see
any effects of the acoustic variables. Infants’ preference
for neutral speech with a lower FO also seemed to conflict
with the literature showing infants’ preference for a higher
FO (Fernald & Kuhl, 1987; Masapollo et al., 2016;
Trainor & Zacharias, 1998). However, the literature on
infants’ listening bias to a higher FO was usually con-
ducted in IDS, different from the context of ADS we used
in this study. Moreover, our high FO example was around
223 Hz, which was used as a low FO example in the pre-
vious study (Trainor & Zacharias, 1998). It is likely that
our low FO example (188.4 Hz) was not tested in previous
infant preferential listening studies. To sum up, infants’
short listening time to the neutral prosody rather than the
affective prosody was expected, as socioemotional infor-
mation is crucial in early language environments (Kuhl,
2007). The role of mean FO in infants’ neutral speech per-
ception will need future research to elaborate and clarify.

No Age or Sex Effect in Early Emotional
Speech Processing

The lack of an age effect in infants’ vocal emotion
processing for the four emotional prosodies suggests that
younger infants in this study demonstrated similar listen-
ing patterns as the older infants. Our finding here was not
in line with previous reports (e.g., Flom & Bahrick, 2007),
and this divergence is likely related to different testing
protocols and speech stimuli. Previous studies demon-
strated an increased auditory sensitivity to emotional
voices with age using the habituation paradigm, in which
infants were familiarized with one vocal emotion and

tested on a new emotional category to see if they can detect
the change of switching from one category to the other
(Flom & Bahrick, 2007; Walker-Andrews & Grolnick,
1983; Walker-Andrews & Lennon, 1991). To measure
infants’ change detection response, the acoustic differences
between the familiarized and tested emotional speech must
surpass infants’ internal discriminatory criteria. Under this
condition, younger infants would not show emotional pro-
sody change detection if they cannot differentiate between
the specific emotional contrast carried by the repeated lex-
ical content (e.g., angry and happy are both high arousal
and hard to be differentiated). Our experimental design
did not use the habituation paradigm to test simple discri-
mination; instead, we included nonrepeating lexical items
in each emotional prosody that would tap into perceptual
abstraction/grouping across multiple entries to establish
and compare the four different vocal emotional categories.
The use of four vocal emotions in a single central fixation
task rather than two emotions in a standard habituation
task was intended to encourage young infants to form dif-
ferent emotional categories based on subtle acoustic differ-
ences (e.g., happy and angry). The affective cues may facili-
tate young infants’ attention to similar emotional voices
that may be missed in a change detection task.

We additionally examined the effect of biological sex
in early emotional prosody speech perception, but no signif-
icant effect was found. This result is not surprising because
neither did a previous vocal emotional discrimination study
observe a sex effect in infants (Walker-Andrews &
Grolnick, 1983). If their relatively simple emotional sound
discrimination task did not reveal a sex effect, it might be
unexpected to see a sex effect in our more complex experi-
ment with four emotional voices. Even though one report
observed mothers using different prosodic features in their
speech to male and female infants (Kitamura & Burnham,
2003), our data suggested that differences in prosodic inputs
may be unidirectional from the caregivers rather than con-
tingent on infants’ distinct responses. Although later studies
observed sex differences in emotional prosody processing in
early adolescence (Fujisawa & Shinohara, 2011) and adult-
hood (Schirmer et al., 2002), it is possible that these differ-
ences emerge with repeated exposure to qualitatively dis-
tinct socioemotional inputs. Together, we propose that the
different emotional processing across male and female
individuals may be a product of very large or long-term
differences in the learning environments.

Limitations and Future Directions

There are some limitations to this study. First, the
age range of the infants was broad, so the current sample
size may be relatively small to well represent infants of
different developmental stages before the age of 1 year. In
order to capture the potential age effect, future work
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should either focus on a narrower age range or carefully
recruit more infants in each age group to better character-
ize the processing differences across infancy. For instance,
5- and 7-month-old infants started to match audiovisual
emotions (Soken & Pick, 1992; Walker-Andrews, 1986,
2008), indicating an emotional appraisal that is more
advanced than emotional perception. Targeting these two
age groups and recruiting more participants in each group
may provide a more fine-grained view of the developmen-
tal trajectory of emotional speech processing. Second,
emotional prosody is a complex signal characterized by
more than the five acoustic parameters as analyzed and
reported in our study. Further investigations are needed to
establish the optimal models in search for the acoustic
correlates for infants’ preferential behavior of emotional
speech perception. Third, we used emotional ADS, not
the commonly used IDS, to measure infants’ selective
attention to emotional voices. From the stimulus end, the
acoustic profiles of the same emotion are similar across
ADS and IDS (Trainor et al., 2000). From the infant lis-
tener end, their listening times to the same emotion in ADS
and IDS are similar (Singh et al., 2002). Therefore, we may
expect similar, if not more distinct, effects of emotion and
acoustic variables on infants’ listening attention when IDS
is used. Follow-up studies using emotional IDS over phone-
tically balanced words can provide empirical evidence to
strengthen the notion that vocal affect and its functions are
relatively independent of the speaking style.

This study fits into a bigger picture of the interplay
between socioemotional and language development in
infancy and childhood, especially in populations such as
children with autism spectrum disorder (ASD), develop-
mental language disorder (DLD), and cochlear implants
(CIs). Children with ASD may tell the acoustic differences
across vocal emotions, but they generally struggle with
emotional voice appraisal (McCann & Peppé, 2003; Zhang
et al., 2021). They also show less orientation to sounds with
social information and may therefore miss the enriched
speech inputs for language learning (O’Connor, 2012). Chil-
dren with DLD also struggle with emotion processing, and
a recent study was supportive of the idea that socioaffective
processing skills and language skills mutually affect one
another in this population (Bahn et al., 2021). CIs provide
invaluable early auditory inputs for children with congenital
hearing loss, but the implants deliver degraded spectral
information—the crucial acoustic features of both linguistic
and emotional prosodies (Jiam et al., 2017). Therefore,
understanding young listeners’ attention to emotional speech
and the consequential effect on language learning may eluci-
date the atypical language development in children with CIs.
To this day, the connections between socioemotional and
language development are still far from clear. Future studies
on speech perception and language learning can be designed
to include natural emotional prosody contrasts in the speech

materials for investigating how socioemotional speech input
may shape language development in these special populations.

Conclusions

In summary, typically developing infants at 3-
12 months of age showed distinct patterns for happy, sad,
angry, and neutral prosodies in spoken words with a gen-
erally longer listening time for the happy and sad proso-
dies and the least interest in the neutral prosody. Further-
more, mean FO, word duration, intensity variation, HNR,
and spectral centroid each played a significant role in
infants’ listening attention to emotional voices, which varies
depending on the emotion category. With our block stimu-
lus design of roving spoken words, no age or sex effects
were observed. These results provide direct evidence for the
influences of four vocal emotion categories and five acous-
tic parameters on infants’ listening attention for emotional
speech in the first year of life, which have implications for
further studies on socioaffective development and language
learning in typically developing children as well as children
with problems in emotional prosody perception.
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Appendix

The Four Wordlists

List 1 List 2 List 3 List 4
Merge Shirt Chat Void
Germ Which Chair Mill
Yes Tool Bar Chair
Base Germ Tool Base
Match Sail Dog Merge
Chat Turn Which Sail
Mill Choice Shirt Shack
Bar Dog Choice Yes
Void Shack Match Turn
Shack Chair Yes Shirt
Tool Match Sail Bar
Which Base Merge Dog
Turn Merge Void Germ
Chair Bar Mill Which
Shirt Void Germ Choice
Dog Chat Base Match
Sail Mill Turn Chat
Choice Yes Shack Tool
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