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INTRODUCTION

A mother sits on the floor with her 13- month- old infant. 
The mother points toward a cuddly toy and says in a 
high- pitched, animated voice: Look! A penguin! Do you 

want to pet the penguin?. The mother picks up a stuffed 
animal from the floor, holds it in front of the infant and 
repeats Look! A penguin! The infant then looks toward 
the mother and provides a rough attempt at repeating 
the word. The mother replies in an excited tone: Yes, it's 

a penguin!.
In the above scenario, we might expect the caregiver 

to address her child using a spontaneous form of lan-
guage known as infant- directed speech (IDS). Across 
a diverse intersection of languages and cultures, the 

form of speech that adults direct to infants differs from 
that directed to other adults (i.e., adult- directed speech, 
ADS) in systematic ways (Cox, Bergmann, et al., 2022; 
Hilton et al., 2022). The acoustic characteristics of IDS 
have been studied extensively, and some clear common-
alities have emerged across a wide variety of languages 
and cultures (e.g., Broesch & Bryant,  2015; Fernald 
et al., 1989; Gergely et al., 2017). For example, caregiv-
ers increase their vocal pitch and pitch variability, slow 
down their speech, and produce acoustically exaggerated 
vowels (e.g., Broesch & Bryant,  2015; Han et al.,  2020; 
Kalashnikova et al.,  2017; Kuhl et al.,  1997). Many of 
the acoustic properties of IDS change as the infant be-
comes older in ways that allow caregivers to scaffold 
infants' early social and linguistic development (Cox, 
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Abstract
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and lower degree of vowel discriminability compared to ADS. None of the 
measures, except articulation rate, showed age- related differences. These results 
push for future research to conduct theory- driven comparisons across languages 
with distinct phonological systems.
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Bergmann, et al.,  2022; Fusaroli et al.,  2019; Fusaroli, 
Weed, et al., 2021; Warlaumont et al., 2014). This has led 
to the proposal that this speech style may serve various 
functions, such as allowing caregivers to express affect 
(cf. Benders, 2013), to regulate infants' emotional states 
(cf. Bryant & Barrett,  2007; Kitamura & Lam,  2009; 
Papoušek et al.,  1991) as well as to facilitate language 
development (cf. Golinkoff et al.,  2015; Kuhl,  2000). 
However, some questions about IDS require further 
investigation: (i) To what extent do common IDS prop-
erties generalize across a more diverse set of languages 
(cf. Blasi et al., 2022; Christiansen et al., 2022; Kidd & 
Garcia, 2022)? (ii) To what extent does the acoustic ex-
pression of IDS exhibit dynamic changes across the span 
of early development? (iii) Does IDS provide a clearer 
input than ADS, and how does this relate to the internal 
structure of vowel categories? In the remainder of this 
introduction, we detail each of these points and explain 
the aims of this comparative acoustic study of Danish 
IDS and ADS.

The extent to which the acoustic expression of IDS ex-
hibits similar properties across languages with different 
phonological structures (e.g., Broesch & Bryant,  2015; 
Fernald et al., 1989; Han et al., 2020) and cultures with 
different parenting behaviors (e.g., Bergelson et al., 2019; 
Casillas et al., 2020) remains under- investigated. A recent 
meta- analysis of the acoustic properties of IDS found a 
high degree of between- study variability, part of which 
may arise due to differences in phonological systems 
across languages as well as methodological differences 
across studies of IDS (Cox, Bergmann, et al., 2022). Across 
these studies, there was a strong tendency for caregivers 
to produce IDS with a slower articulation rate as well as 
an elevated and more variable pitch across a wide variety 
of languages and cultures (Broesch & Bryant, 2015; Han 
et al.,  2020; Narayan & McDermott,  2016). However, 
there were significant cross- linguistic differences in the 
degree to which caregivers produced acoustically ex-
aggerated vowels (Cox, Bergmann, et al.,  2022). Some 
languages, for example, showed a vowel space reduc-
tion in IDS (e.g., Benders, 2013; Englund & Behne, 2005; 
Rattanasone et al.,  2013) and a higher degree of 
within- vowel variability (Cristia & Seidl,  2014; Martin 
et al., 2015; Miyazawa et al., 2017; Rosslund et al., 2022). 
The overrepresentation of North American English in 
all of these studies (Christiansen et al., 2022), which ap-
pears to provide a particularly exaggerated form of IDS 
(Fernald et al., 1989; Floccia et al., 2016), may inflate the 
importance of these findings. New data from a more di-
verse set of human cultures and languages (cf. Kidd & 
Garcia, 2022) can thus likely offer new insights into the 
possible forms of IDS in early infant development.

The current study focuses on Danish, a language char-
acterized by a high degree of phonetic reduction, schwa 
assimilation, and a wide variety of vocalic sounds (cf. 
Basbøll, 2005; Højen & Nazzi, 2016; Trecca et al., 2021). 
This peculiar sound structure means that speakers of 

Danish often produce a speech stream with few or no 
clear spectral discontinuities to allow infants to en-
gage in word segmentation (cf. Trecca et al., 2019, 2021). 
This in turn has led researchers to posit that Danish 
may be particularly difficult for infants to learn (Bleses 
et al., 2008a, 2008b, 2011), and even result in a vowel bias 
in word learning rather than a consonant bias (Højen 
& Nazzi,  2016). Looking- while- listening studies with 
Danish 2½- year- olds have shown that the vowel- rich 
nature of Danish has a negative impact on the process-
ing of both known and novel words (Trecca et al., 2018, 
2020). These findings provide potential explanations for 
the tendency for Danish infants to fall behind on some 
early linguistic milestones compared to children learn-
ing other languages (Bleses et al., 2008a, 2008b, 2011).

The peculiar sound structure of Danish raises the 
question as to how caregivers modify the acoustic prop-
erties of IDS. Two earlier investigations of IDS in Danish 
have painted a puzzling picture (Bohn, 2013; Dideriksen 
& Fusaroli, 2018). Both studies reported that IDS exhib-
ited a slower articulation rate as well as an elevated fo 
variability; however, the studies also reported either sim-
ilar degree of vowel separability (Bohn, 2013) or even a 
slight reduction in vowel separability in IDS compared 
to ADS (Dideriksen & Fusaroli, 2018). The measure of 
between- vowel separability in these studies was derived 
by calculating the total area enclosed by steady- state for-
mant frequencies of the three peripheral /i/- /a/- /u/ vowels, 
which has been posited to be a measure of speech clarity 
(Lam et al., 2012; Whitfield & Mehta, 2019), as discussed 
further below. The vowel inventory of Danish consists 
of 10 monophthongal vowel phonemes, seven of which 
are positioned in the front region of the vowel space 
(Grønnum, 1998). Because there are both short and long 
versions of each of these vowel phonemes— and only the 
long versions can be combined with the suprasegmental, 
creaky- voice feature of stød— the vowel inventory is esti-
mated as comprising 30 phonologically distinct vowels, 
although estimates of this number differ depending on 
how the vowels are counted (Trecca et al., 2021). Given 
the high number of vowels that Danish- learning infants 
have to acquire, we might have expected caregivers (al-
beit unconsciously) to increase the separability between 
IDS vowel phonemes to provide a clearer speech input 
for their infants. However, these previous studies of 
Danish IDS provided a limited picture of its acoustic 
expression. First, Bohn  (2013) presented results from a 
laboratory experiment with a high degree of experimen-
tal control. Parents were asked to talk about explicitly 
labeled toy animals to elicit specific words containing 
the /i/, /u/, and /a/ vowel tokens. Because the type of 
experimental task used to study IDS can influence the 
strength of the vowel space area effect (Cox, Bergmann, 
et al., 2022; cf. Marklund & Gustavsson, 2020), it is un-
clear whether this finding extends to spontaneous speech 
in Danish. Second, Dideriksen and Fusaroli (2018) used 
a coarse- grained approach to formant estimation by 
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basing their data on automatic extractions of any type 
of voiced segment from the speech signal (cf. Degottex 
et al.,  2014), which might unwittingly introduce biases 
in the estimates. To build upon the groundwork laid by 
these studies, we (i) relied on data collected in naturalis-
tic settings, with caregivers and infants engaging in the 
types of interaction that take place in day- to- day activi-
ties, and (ii) conducted a detailed acoustic analysis of the 
internal distributions of each of the vowel categories in 
Danish IDS and ADS.

One of the benefits of IDS may derive from care-
givers' dynamic adaptation to infants' developmental 
states (Fusaroli et al., 2019; Smith & Trainor, 2008) and 
responsiveness to infant vocalizations (Fusaroli, Weed, 
et al., 2023; Goldstein & Schwade, 2008; Ko et al., 2016; 
Nguyen et al.,  2022; Warlaumont et al.,  2014). Cross- 
linguistic studies of changes in the acoustic properties 
of IDS as a function of infant age, for example, indi-
cated that caregivers increase their rate of articulation 
(Kondaurova et al.,  2013; Lee et al.,  2014; Narayan & 
McDermott,  2016; Raneri,  2015) and reduce the me-
dian fo in IDS as their infants become older (Gergely 
et al.,  2017; Han et al.,  2020; Kondaurova et al.,  2013; 
Niwano & Sugai,  2002; Vosoughi & Roy,  2012). Most 
studies on the properties of fo variability and vowel 
space area, on the other hand, did not find evidence of 
any developmental shifts across a wide variety of age 
ranges (Benders,  2013; Burnham et al.,  2014; Cristia & 
Seidl,  2014; Gergely et al.,  2017; Hartman et al., 2017; 
Kalashnikova & Burnham, 2018; Lovcevic et al.,  2020; 
Weirich & Simpson,  2019; Wieland et al.,  2015). Two 
studies of vowel space area did show a shift over time, 
but contradicted each other in terms of the direction of 
the shift; whereas Japanese- speaking caregivers were 
reported to exhibit a gradual vowel space expansion as 
the infant became older (Dodane & Al- Tamimi, 2007), 
Cantonese Chinese- speaking caregivers were reported 
to reduce their vowel space as a function of infant age 
(Rattanasone et al., 2013). These acoustic modifications 
in IDS according to infants' preferences (Kitamura 
& Burnham,  1998; Singh et al.,  2002) and processing 
limitations (Christiansen & Chater,  2016; Saffran & 
Kirkham,  2018) suggest that IDS involves interactive 
reciprocity, where active participation and reciprocity 
both play a crucial role (Goldstein & Schwade, 2008; Ko 
et al., 2016; Nguyen et al., 2022; Warlaumont et al., 2014). 
Investigating which aspects of the acoustic expression of 
IDS changes in the span of early infant development al-
lows crucial insight into the different functions served 
by IDS (Bryant,  2022; Bryant & Barrett,  2007; Cox, 
Bergmann, et al., 2022). The question of how each of the 
acoustic features of Danish IDS undergo change with 
infant age will also be investigated in the current cross- 
sectional sample of participants.

A large body of research shows that the speech directed 
to infants has properties that facilitate speech processing 
(García- Sierra et al., 2016, 2021). For example, IDS stimuli 

can facilitate neural processing (Peter et al.,  2016), in-
duce faster word recognition (Song et al., 2010), and pro-
duce better word segmentation of an artificial language 
composed of nonsense syllables (Thiessen et al., 2005). 
The extent to which parents produce acoustically exag-
gerated vowels in IDS has been shown to have an effect 
on concurrent speech discrimination skills (García- 
Sierra et al.,  2016, 2021; Liu et al.,  2003), later expres-
sive vocabulary (Hartman et al., 2017; Kalashnikova & 
Burnham, 2018), and the complexity of vocalizations at 
a later point in time (Marklund et al., 2021). Other de-
scriptive studies showed positive correlations between 
pitch modulations in IDS and expressive vocabulary 
size (Porritt et al.,  2014; Rosslund et al.,  2022; Spinelli 
et al., 2017).

The facilitatory effects of IDS are generally attributed 
to its tendency to increase the clarity of the speech ad-
dressed to children (Hartman et al., 2017; Kuhl et al., 1997; 
Liu et al., 2003). Studies of adult speech perception have 
indicated a clear relation between vowel space expansion 
and speech intelligibility, the majority of which are con-
ducted on American English (Bradlow et al., 1996, 2003; 
Ferguson & Kewley- Port, 2002, 2007; Lam et al., 2012; 
Liu et al., 2005; Whitfield & Goberman, 2017; Whitfield 
& Mehta,  2019). Computational models also learned 
vowel categories better if the location of category cen-
troids was more distant from each another (De Boer & 
Kuhl,  2003; Eaves et al.,  2016; McMurray et al.,  2009; 
Vallabha et al.,  2007). Other experiments showed that 
measures of speech clarity correlated with articulation 
rate and speech segment durations, suggesting that tem-
poral aspects of speech may also play an important role 
(Ferguson & Kewley- Port,  2007; Lam & Tjaden,  2013; 
Searl & Evitts, 2013).

There is substantial evidence that vowel space areas 
tend to be larger in IDS than in ADS (e.g., Cristia 
& Seidl,  2014; Gergely et al.,  2017; Kalashnikova & 
Burnham,  2018; Lam & Kitamura,  2012; Marklund 
& Gustavsson,  2020; Miyazawa et al.,  2017; Weirich & 
Simpson,  2019); however, a number of languages, such 
as Dutch (Benders,  2013), Norwegian (Englund,  2018; 
Englund & Behne,  2005; Steen & Englund,  2021), and 
Cantonese (Rattanasone et al., 2013) show vowel space 
reduction in IDS. Although a lot of the literature on 
speech clarity is based on vowel space area, a number 
of authors have raised concerns about potential limita-
tions to traditional vowel space measures (cf. Whitfield 
& Goberman, 2014, 2017). One of these limitations is that 
studies relying only on the acoustic measure of vowel 
space area disregard the crucial assumption that vowel 
space expansion in and of itself does not entail a greater 
degree of speech clarity. A number of studies have re-
ported an increased degree of within- vowel variability in 
IDS (Cristia & Seidl, 2014; Martin et al., 2015; McMurray 
et al., 2013; Miyazawa et al., 2017; Rosslund et al., 2022). 
For example, Miyazawa et al. (2017) showed that Japanese 
mothers expanded the vowel space area of the IDS to 
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their 18-  to 20- month- old infants; however, due to an 
increase in within- vowel variability, this expansion did 
not lead to more distinct categories compared to those in 
ADS. It is thus only by computing the extent of within- 
vowel variability and between- vowel discriminability 
that claims about the clarity and overlap of phonetic 
categories can be made. The limitations of considering 
vowel space area alone thus makes it unclear whether 
the facilitative properties of IDS should be attributed to 
vowel space expansion, or whether this effect arises as an 
unintended side effect of another acoustic variable, such 
as vocal tract shortening through raising of the larynx 
(Kalashnikova et al.,  2017) or smiling (Englund,  2018), 
or whether it simply occurs as a side effect of a slower 
articulation rate and therefore being able to reach articu-
latory targets (Whitfield & Goberman, 2017). To provide 
a fuller picture of the extent of within- vowel variability 
and between- vowel discriminability in Danish IDS and 
ADS, we manually annotated 9267 individual vowel to-
kens and analyzed the extent of compactness of individ-
ual vowel categories.

The present study was designed to provide a compre-
hensive analysis of the input from which Danish infants 
learn language by comparing the prosodic and vocalic 
properties of Danish caregivers' spontaneous IDS and 
ADS. To build on the insights from previous studies of 
Danish IDS (Bohn, 2013; Dideriksen & Fusaroli, 2018) 
and IDS across distinct languages (Cox, Bergmann, 
et al., 2022), we engaged in cumulative science practices 
and incorporated statistical results from these studies 
into our models to compare the findings. We turned our 
focus to the following three questions concerning the 
acoustic expression of Danish IDS and ADS:

 (i) To what extent are five acoustic properties that 
have been reported extensively in the literature 
on IDS (Cox, Bergmann, et al., 2022) expressed in 
Danish ADS and IDS— fundamental frequency 
( fo), fo variability, articulation rate, vowel duration, 
and vowel space area?

 (ii) Do any of the acoustic properties in Danish IDS 
exhibit age- related changes over the course of early 
infant development?

 (iii) How do Danish parents negotiate the balance be-
tween within- vowel variability and between- vowel 
separability? Do vowel categories in IDS exhibit a 
higher degree of discriminability than in ADS?

M ETHODS

Participants and recording context

The speech recordings for this study consisted of spon-
taneous speech from 26 Danish- speaking mothers of 
infants between the ages of 11 and 24 months. The data 
overlapped somewhat with the dataset of a previous 

study of Danish IDS (Dideriksen & Fusaroli,  2018), 
which provided a coarse- grained analysis with a sub-
set of the participants (N = 10) in this dataset. Based on 
a precision analysis of a sample size of 26 participants 
(cf. Figures S5.1 and S5.2), repeated measures from this 
size of sample provided sufficient data to obtain cred-
ible intervals that allowed us to draw meaningful con-
clusions for the moderate effect sizes (Hedges' g ≃ .5) we 
expected from previous meta- analyses of the field (Cox, 
Bergmann, et al., 2022). The precision analysis indicated 
that— assuming a moderate effect size of 0.5— a within- 
subjects design with 26 participants allowed estimates 
with a standard deviation of 0.05. This was quite suf-
ficient to draw robust conclusions about potential dif-
ferences between the speech styles. The mothers spoke 
Danish as their first language, did not report any health 
problems, and their infants were not at risk for any lin-
guistic or cognitive disabilities. All mothers provided 
informed consent. Each mother participated in two re-
cording sessions: (i) to elicit spontaneous IDS, the mother 
was recorded for 60 min in a free play session with her 
infant, and (ii) to elicit spontaneous ADS, the mother 
participated in a casual conversation about summer hol-
iday plans with an experimenter for 15 min. To increase 
the level of ecological validity, we took care to make the 
recording settings as natural as possible in order to cap-
ture the types of interaction that take place in day- to- 
day activities. To ensure that infants and caregivers felt 
comfortable, the recording sessions took place in partici-
pants' homes and used two video cameras (a Panasonic 
HDC- HS700 and GoPro Hero 5) and a high- quality 
wearable microphone. The experimenter interacted with 
the mother to elicit ADS, but remained absent during 
IDS recordings. Each mother was instructed to interact 
with her child as she would normally do in an everyday 
situation. The 26 infants (10 female) were aged between 
11 and 24 months of age (mean = 16 months, SD = 4.4), as 
shown in Table S0.1.

Acoustic analysis

Diarization of the speech samples

In order to partition the IDS speech recordings into ho-
mogenous segments and identify utterance boundaries 
according to speaker identity, we used an open- source 
diarization tool known as ALICE (i.e., Automatic 
LInguistic unit Count Estimator; Räsänen et al., 2021). 
This software provides automatic diarization using a 
voice type classifier trained on over 200 h of day- long 
audio recordings of infants learning a number of typo-
logically distinct languages (Räsänen et al., 2021). This 
voice type classifier uses the pyannote- audio library 
(Lavechin et al.,  2020) and a neural network architec-
ture called SincNet (Ravanelli & Bengio,  2018). Using 
this neural network architecture, the diarization tool 
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extracts talker information from an input audio wave-
form and classifies utterances into talker categories. For 
the IDS recordings, we thus relied on this automatic dia-
rization process and retained only segments spoken by 
the caregiver.

Because the ADS recordings involved two female in-
teractants (i.e., the caregiver and experimenter), there 
would be a high risk of confusing the two voices in the 
automatic diarization process. We therefore transcribed 
all the audio files for the ADS speech samples and sub-
sequently discarded utterances from the experimenter. 
An utterance was defined as a vocal production by one 
speaker that (i) was not interrupted by another speaker 
(e.g., backchannels were not considered) and (ii) did not 
contain a pause longer than a second. In most cases, 
the infant was in the room during the ADS recordings; 
however, interruptions from the infant were rare and all 
utterances from the infant as well as those directed to-
ward the infant were discarded from the speech samples 
analyzed.

To ensure compatibility of the distinct diarization 
methods for the IDS and ADS recordings, we checked 
the accuracy of the ALICE output by comparing it to 
manually determined timecodes for 13 of the 26 record-
ings (cf. S10 in Supporting Information). Our analysis 
showed a substantial degree of agreement between the 
two methods for the timecodes (κ = .72 [.65; .84]) as well as 
substantial agreement between the extracted measures 
across the two types of diarization (cf. Figures S10.2 and 
S10.3).

Altogether, this diarization and data extraction pro-
cess resulted in measures from 22,033 individual utter-
ances: 3544 utterances in ADS and 18,489 utterances in 
IDS. The average length of utterance in ADS is more 
varied and on average includes longer utterances, as 
shown in Table  1. Although the number of utterances 
is smaller in ADS, the difference in mean length of ut-
terance ensures that we have enough data on which to 

compare the speech styles, as shown by the comparable 
vocalic measures in Table 2.

Extraction of prosodic measures

In order to extract the utterance- level acoustic data for 
this project, we wrote a custom Praat script based on 
the principles of De Jong and Wempe's  (2009) script 
for syllable detection. We tested the script on a speech 
sample to obtain appropriate parameter values and ran 
the script with the same parameter values on all speech 
samples. The script detected potential syllables by ex-
tracting peaks of intensity above a threshold of 2 dB 
above the median intensity of the utterance, with a time 
window of 64 ms and a time step of 16 ms. This captured 
the general tendency for a syllable nucleus to exhibit 
a higher degree of intensity than most surrounding 
sounds. The script then compared the intensity values of 
these potential syllables to the preceding dips in inten-
sity and disregarded intensity peaks that do not show a 
preceding dip of at least 2 dB with respect to the current 
peak. By dividing the total number of syllables with the 
duration of the individual utterances, we calculated the 
articulation rate for each utterance. At the same time, 
the script extracted the pitch contour of the utterance 
using a window size of 100 ms and time step of 20 ms. 
The script then summarized the data in terms of median 
fo (centralized measure of fo in Hz), interquartile range 
of fo (in Hz), as well as articulation rate (syllables per 
second). We thus had 22,033 individual utterance- level 
data points for each of these prosodic measures. We 
should note that these acoustic properties exhibit inter-
dependence, as shown by the correlation network plots 
for each of the speech styles in Figure S4.1. Moreover, 
the process of automatically extracting these acoustic 
measurements from the audio may have generated some 
errors. To combat the influence of these potential meas-
urement errors, we chose to use robust regression over 
outlier detection and deletion for the following two rea-
sons: (i) it is difficult if not impossible to establish an 
objective definition of what counts as a measurement 
error versus what is an inherent property of the distribu-
tion, and (ii) outlier deletion wastes data and can lead to 
underestimation of the variance (Yellowlees et al., 2016). 
We ran an additional check to determine whether this 
choice influenced our estimates by comparing the re-
sults of models with and without outlier deletion (i.e., 

TA B L E  1  Information about length of utterances in the two 
speech styles.

Speech style

No. of 

utterances

Mean 

utterance 

length (s)

SD of 

utterance 

length (s)

ADS 3544 3.95 5.70

IDS 18,489 1.53 1.05

Abbreviations: ADS, adult- directed speech; IDS, infant- directed speech.

TA B L E  2  Overview of the number of vowels in each quantile of vowel duration as well as across phonological length for each speech style. 
The quantiles of duration are based on the entire dataset of vowels.

No. of vowels 

<20%

No. of vowels 

20%– 40%

No. of vowels 

40%– 60%

No. of vowels 

60%– 80%

No. of vowels 

80%– 100%

No. of long 

vowels

No. of short 

vowels

Total no. 

of vowels

ADS 877 934 908 889 917 390 4133 4523

IDS 983 913 947 965 937 505 4239 4744

Abbreviations: ADS, adult- directed speech; IDS, infant- directed speech.
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values above and below two standard deviations from 
the mean). As shown in Table S1.5, the control analysis 
of each of the utterance- level acoustic variables indi-
cated similar model estimates and credible intervals for 
the data with and without outlier deletion.

Extraction of vocalic measures

To analyze the duration and formants of individual 
vowel categories in Danish across the two speech styles, 
we manually segmented the onsets and offsets of 9267 
vowels using Praat (Boersma & Weenink,  2022). The 
vowel tokens were not annotated if the acoustic signal 
was disrupted by ambient noise or overlapping speech, if 
the vowel was too short to identify a stable midpoint, or if 
clear formants were not present due to whispered speech 
or creaky voice (including stød). For each speaker, we 
annotated any vowel that conformed to the above crite-
ria until we had sampled a minimum of 150 vowel tokens 
in each speech style. The total number of vowels ended 
up being slightly higher than 7800 due to our exploration 
of how to extract the vowels in the initial phases of the 
analysis process; that is, for subjects AF, AN, and CL we 
have 488, 792, and 486 vowel tokens, respectively, while 
the number of vowel tokens for the rest of the subjects 
are between 307 and 348. This sampling approach to the 
spontaneous speech data allows us to gain insight into 
the vowel types produced by each speaker while limit-
ing degrees of freedom in the analysis process. To per-
form control analyses of the vowel data, moreover, we 
annotated each vowel according to the following four 
binary properties: phonological length (long vs. short), 
stress (stressed vs. unstressed), focus (whether the vowel 
appears in a focused constituent in an utterance), and 
word type (content word vs. function word). We wrote 
a custom Praat script to extract the first three formants 
at the temporal midpoint of each vocalic interval, vowel 
duration as well as the above four binary properties. We 
should note that the short versions of four Danish vow-
els, notably /ɛ/, /œ/, /ɔ/, and /u/, have been shown to be 
slightly more centralized than the long versions in the 
Aarhus dialect (Steinlen,  2005). We assumed that the 
ratio of vowels with short and long durations remained 
similar in the two speech styles, thereby not influenc-
ing the between- style comparison of vowel quality. To 
check this assumption, we computed the number of vow-
els in each of the speech styles across different quantiles 
of vowel duration. As shown in Table 2, we see similar 
distributions of the number of vowels across quantiles, 
phonological length, and in the total number of vowels 
analyzed.

A random sample of three spectrograms for each of 
the seven border vowels in Danish IDS from one of the 
speakers is shown in Figure 1. The script considered the 
maximum value for the formant search to be 5500 Hz 
and applied pre- emphasis to frequencies above 50 Hz. 

The raw vowel formant values for each vowel category 
are provided in Table 3.

These vowel formant data were then imported and 
further analyzed in R Studio (RStudio Team,  2020). 
To minimize the acoustic variation that arises due to 
physiological and anatomical differences across speak-
ers, the vowel formant data were normalized using the 
vowel- extrinsic methods of Lobanov's  (1971) z- score 
transformation. This normalization procedure has been 
shown to reduce inter- speaker anatomical/physiological 
variation while preserving phonemic variation, with-
out requiring logarithmic scale transformation (Adank 
et al., 2004; Nearey, 1978). The procedure involved sub-
tracting the mean speaker- specific formant value from 
all vowel tokens for a given speaker, and then dividing 
by the speaker- specific standard deviation for that for-
mant. This procedure expresses formant values accord-
ing to the hypothetical center of each speaker's vowel 
space and was developed for automatic speech recog-
nition purposes (Lobanov, 1971). The rest of the results 
in this paper are reported using the normalized vowel 
formant data. The raw formant data and code have been 
made available on OSF: https://osf.io/ywf9m/ ?view_on-
ly=d99fc 6dbc6 1546f ebff6 19b86 74a7943.

Quantification of vowel space area, vowel 
variability, and distinctiveness

We used the phonR package (McCloy, 2016) to calculate 
two measures of vowel space area for each subject and 
speech style: (i) the vowel space enclosed by plotting the 
median z- score- transformed first and second formant 
values of /i/, /a/, and /u/ in a Cartesian coordinate sys-
tem, as in traditional studies of vowel space area (Kuhl 
et al., 1997; Liu et al., 2003), and (ii) the vowel space en-
compassed by the median z- score- transformed formant 
values of all of the border vowels Danish (i.e., /i/, /e/, /ε/, 
/ɑ/, /ʌ/, /ɔ/, /o/, and /u/). This latter measure was computed 
in order to be able to assess the difference between the 
two speech styles in terms of the total area encompassed 
by all of the vowels. To avoid confusion between these 
two measures in the paper, we henceforth use vowel 
space area to refer to the traditional /i/−/a/−/u/ measure 
(cf. Kuhl et al., 1997; Liu et al., 2003) and refer the reader 
to Section S3 whenever we discuss the vowel space area 
results based on all eight border vowels. The calculation 
of each of the vowel space area measures is conducted 
for each subject in each speech style. The measure thus 
consists of 52 data points (i.e., 26 for each speech style). 
To facilitate interpretability of this measure, moreover, 
we z- transformed the vowel space areas by subtracting 
the mean vowel space area and dividing by the stand-
ard deviation. This rescales the vowel space area to be 
on the same scale as the hedges' g standardized effect 
size; a positive score on this scale indicates vowel space 
expansion while a negative score indicates vowel space 
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reduction. We also conducted control analyses for vowel 
space areas based on the border vowels according to the 
binary properties noted for each of the vowels: stress, 
focus, length, and word type, as shown in Figure S6.2.

Furthermore, we use the extracted formant data 
to estimate the extent of variability in each of the two 
formant dimensions for each vowel category across the 
two speech styles. To compare the extent of variability 
within each vowel category across the speech styles, 
we quantified the evidence in favor of a greater degree 
of variability in formant values within each speaker, 
as explained further in our choice of statistical mod-
els in the next section. Similarly, we adapted Rosslund 
et al.'s (2022) approach to calculating the distinctiveness 
of vowel categories in the two speech styles. While vowel 
variability indicates the compactness of vowel tokens 
within each category, vowel discriminability quantifies 
the degree of overlap between categories, which has also 
been argued to be a measure of speech intelligibility (cf. 

Kim et al.,  2011; Whitfield & Goberman,  2014, 2017). 
We computed a measure of vowel discriminability for 
each participant within each speech style as the squared 
distances of category centroids from the overall vowel 
space centroid, divided by the squared distances of 
individual vowel tokens from the overall vowel space 
centroid. This continuous measure thus indexed the 
proportion of variance in F1 and F2 explained by the 
vowel category identity: a value of 1 would indicate 
that vowel membership explained all variance (i.e., a 
low degree of overlap between categories) and 0 would 
indicate that vowel membership explained no variance 
(i.e., a high degree of overlap between categories). Due 
to its reliance on the squared distances of vowel tokens, 
this measure of distinctiveness can thus be construed as 
the proportion of variance explained by category mem-
bership; the more distinctive the vowel categories, the 
higher the explained variance due to category member-
ship (cf. Rosslund et al., 2022).

F I G U R E  1  Three random samples of vowel tokens for seven of the peripheral vowels analyzed. The more yellow the spectrogram, the 
higher the amplitude of the frequency present in the audio signal. The limits of the x- axis show the total time for each of the vowel tokens 
displayed.
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Statistical modeling

To assess the extent to which the acoustic properties 
of Danish ADS and IDS differ, we ran Bayesian multi- 
level robust regression models of the data. For all of the 
measures appearing only on a positive range of values 
(i.e., all measures except vowel space area), we used a 
logarithmic link function to model the potential long 
tails of high values in the data (cf. Gabry et al.,  2019; 
McElreath,  2018), as explained further in Section  S1. 
For each acoustic measure, we built three models: (i) an 
intercepts- only model with varying effects by partici-
pant, (ii) a model with speech style (i.e., IDS vs. ADS) as 
a predictor with varying subjects nested within speech 
style, and (iii) a model with an interaction term between 
speech style and age as a predictor, as well as varying 
intercepts and slopes for subjects nested within speech 
style. In the models with speech style as a predictor (i.e., 
model (ii) and (iii)), we allowed the model to estimate 
a separate sigma across the two speech styles; that is, 
a different expected error when predicting data in the 
two speech styles (i.e., heteroskedasticity). We made this 

choice to explore the potential effects of a slight imbal-
ance in the number of utterance- level measures for each 
of the speech styles (cf. Table 1) and because we might 
expect a greater amount of heterogeneity in caregivers' 
interactions with children (Englund, 2018).

To model the location (centroid) and scale (variability) 
of each of the vowel categories under investigation, more-
over, we built hierarchical mixed- effects location- scale 
models for the z- score- transformed F1 and F2 measures. 
This type of location- scale model represents an extension 
to multi- level regression models in that they allow esti-
mation of covariances among the random effects, both 
within and across the location and scale of the predictor 
(Hedeker et al., 2008; Williams et al., 2019). This form of 
model offers new insights into the structure of individual 
vowel categories, estimation of intra- vowel variability, 
extent of formant raising, and the influence of speech 
style upon these parameters (Rast & Ferrer,  2018). We 
should note that in our location- scale models of vowel 
categories, we restrict our analysis to vowel categories 
for which have above 50 tokens (cf. Table 3) to avoid bi-
asing the estimates.

TA B L E  3  Number of tokens (n), median duration (Dur) in seconds, median first formant (F1), and second formant (F2) in Hz as well as 
their standard deviations (SD) for each target vowel across IDS and ADS speech styles. It should be noted that the numbers in this table refer to 
the non- normalized formant values for each of the vowel categories. See Figures S7.1– S7.4 and Tables S8.1– S8.4 to see the raw formant values 
for each speech style across different contexts of word type, phonological length, focus, and stress.

ADS IDS

Vowel n Dur (SD) F1 (SD) F2 (SD) Vowel n Dur (SD) F1 (SD) F2 (SD)

æ 158 0.097 (0.06) 651.9 (114.7) 1879.3 
(240.8)

æ 148 0.087 (0.04) 696.3 (111.4) 1888.6 
(325.9)

ɑ 1040 0.083 (0.04) 792.4 (139.4) 1598 (204.4) ɑ 968 0.08 (0.05) 792.7 (157.5) 1711.1 
(264.2)

e 674 0.072 (0.04) 483.5 (85.8) 2052.9 
(245.7)

e 724 0.071 (0.04) 534.7 (114.2) 2067.6 
(384.3)

i 391 0.066 (0.03) 424.4 (79.7) 2201.4 (350) i 305 0.076 (0.05) 455.7 (100.3) 2217.5 
(473)

o 92 0.079 (0.04) 502.5 (105) 1069.1 
(207.8)

o 179 0.088 (0.04) 591.2 (108.8) 1145.5 
(240.8)

ø 87 0.071 (0.03) 472.8 (77.6) 1708 (160.9) ø 105 0.076 (0.06) 580.1 (129) 1875.2 
(223.5)

œ 6 0.075 (0.02) 529.6 (31.7) 1619.2 
(175.4)

œ 31 0.077 (0.04) 617.5 (115) 1769.1 
(338.3)

ɶ 103 0.093 (0.03) 688.9 (106.4) 1593.9 
(136.9)

ɶ 54 0.088 (0.05) 688.5 (97.6) 1634.9 
(157)

ɔ 181 0.08 (0.04) 533.2 (87.8) 1220.6 
(205.8)

ɔ 336 0.089 (0.06) 641.2 (115.1) 1318.3 
(202.1)

u 101 0.063 (0.05) 448.4 (91.4) 1152 (232.1) u 157 0.068 (0.07) 487.8 (115.6) 1236.4 
(311)

ʌ 863 0.08 (0.06) 635.7 (99.4) 1427.5 
(175.7)

ʌ 691 0.079 (0.05) 726.2 (128.4) 1491.7 
(210)

y 56 0.066 (0.03) 423.3 (83.6) 1893.8 
(290.8)

y 65 0.071 (0.03) 467.6 (94.1) 1998.1 
(221.5)

ε 576 0.072 (0.04) 581.3 (111.7) 1877.3 
(208.5)

ε 781 0.073 (0.04) 655.1 (135.5) 1896 (297)

Abbreviations: ADS, adult- directed speech; IDS, infant- directed speech.
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All computations were performed in R 4.2.0 (R 
Core Team, 2020) using brms 2.16 (Bürkner, 2017) and 
cmdstanr 2.28.2 (Carpenter et al., 2017) in RStudio 1.4 
(RStudio Team,  2020). We report the model formu-
lae, model specifications, and our choice of priors in 
Section  S1.1. We chose weakly informative priors in 
order to discount extreme values as unlikely and to 
ensure minimal influence on the posterior estimates 
of the model (Gelman et al., 2017; Lemoine, 2019). We 
provide explicit description and visualization of our 
choice of priors, as well as prior sensitivity checks in 
Sections S1.2– S1.4.

Throughout the rest of this paper, we provide esti-
mates and report 95% credible intervals, evidence ratios, 
and credibility scores. The credible interval refers to the 
range of values within which there is a 95% probability 
that the true parameter value lies given the assumptions 
of the model. We report these intervals in square brack-
ets. The evidence ratio denotes the ratio of likelihood in 
favor of a hypothesis. An evidence ratio of 10, then, im-
plies that the hypothesis is 10 times more likely than the 
alternative. An evidence ratio of “Inf” (infinite) occurs 
when all the posterior samples conform to the direction 
of the hypothesis and not to alternative directions. The 
credibility score refers to the proportion of posterior 
samples in the direction of the hypothesis under investi-
gation. We perform leave- one- out information criterion- 
based model comparison (Vehtari et al., 2017) between 
the three models and report the differences in expected 
log pointwise predictive density difference (elpd). This 
measure refers to the difference between the models in 
terms of their expected out- of- sample predictive accu-
racy; that is, it quantifies the extent to which model pre-
dictions generalize to an independent dataset. The lower 
the out- of- sample predictive accuracy, the lower the elpd 
(Vehtari et al., 2017; Yao et al., 2018).

RESU LTS

The results are structured as follows. We start by report-
ing results that concern the first aim of the study, namely 
to quantify five acoustic properties of Danish IDS: (i) 
median fo, (ii) fo variability, (iii) articulation rate, (iv) 
vowel duration, and (v) vowel space area. We compare 
these results to those of a previous study on Danish 
IDS (Bohn,  2013) as well as a recent large- scale meta- 
analysis of these same acoustic features (Cox, Bergmann, 
et al.,  2022) by incorporating prior statistical informa-
tion into our models. We then present results pertaining 
to our second aim, namely to investigate the extent to 
which the acoustic measures exhibit age- related change. 
We restrict ourselves to depicting the acoustic measure 
as a function of age only if age exhibits robust effects 
(i.e., only for articulation rate). We refer the reader to the 
age plots in Section S2. We then present results that con-
cern the third aim, namely to quantify the properties of 

within- vowel variability and between- vowel discrimina-
bility across the two speech styles.

Median f
o

The data for median fo indicate that caregivers' utter-
ances in IDS (235.8 Hz with 95% CI [228.5; 243.2]) exhibit 
a higher median fo than in ADS (202.9 Hz with 95% CI 
[196.0; 209.6]), as shown in Figure 2. We obtain strong 
evidence in favor of the hypothesis that IDS exhibits a 
higher fo (33.0 Hz [27.9; 38.3], evidence ratio: Inf, cred-
ibility score: 1, with 26/26 participants displaying a posi-
tive effect). The model indicates a greater amount of 
variability in the distribution of overall median fo values 
in IDS (σ = 45.2 Hz [43.1; 47.5]) than in ADS (σ = 23.7 Hz 
[21.0; 26.7]). We accordingly also obtain strong evi-
dence in favor of the hypothesis that IDS exhibits a 
greater amount of residual variability within speech 
style (21.5 Hz [19.0; 24.01], evidence ratio: Inf, credibility 
score: 1, with 26/26 participants displaying a positive ef-
fect). The model indicates a robust correlation between 
IDS and ADS values (r = .66 [.38; .84]). This correlation 
implies that there is a clear tendency for the height of 
subjects' fo in IDS to depend on their corresponding fo 
value in ADS. The model with age as a predictor exhibits 
less out- of- sample predictive accuracy (elpd: −795.3, se: 
44.8) than the model without age, and we accordingly see 
no robust effect of age (estimate = .002 [−.003; .008], evi-
dence ratio = 3.36, credibility score = 0.77), as shown by 
Figure S2.

f
o
 variability

The data for the interquartile range of fo indicate that 
caregivers produce a higher degree of fo variability in 
IDS (74.9 Hz [71.1; 79.0]) than in ADS (48.9 Hz [44.3, 
53.8]), as shown in Figure  3. Similar to median fo, we 
obtain strong evidence in favor of the hypothesis that 
fo variability is higher in IDS than in ADS (26 Hz [21.8; 
30.2], evidence ratio: Inf, credibility score: 1, with 26/26 
participants displaying a positive effect). The model in-
dicates a greater amount of variability in the distribution 
of overall fo variability values for IDS (σ = 44.3 Hz [42.7; 
46.0]) than for ADS (27.1 Hz [23.9; 30.7]). We also obtain 
strong evidence in favor of the hypothesis that IDS exhib-
its a greater amount of residual variability in overall fo 
variability values within speech style (17.1 Hz [14.4; 19.7], 
evidence ratio: Inf, credibility score: 1, with 26/26 partici-
pants displaying a positive effect). The model finds weak 
evidence for a correlation between the speech style esti-
mates for each subject (.35 [−.02; .65]). The model with 
age as a predictor exhibits less out- of- sample predictive 
accuracy (elpd: −530.5, se: 38.2) compared to the model 
with only speech style as a predictor, and we accordingly 
find no robust effect of age (estimate = .000 [−.011; .010], 

 1
4

6
7

8
6

2
4

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://srcd
.o

n
lin

elib
rary

.w
iley

.co
m

/d
o

i/1
0

.1
1

1
1

/cd
ev

.1
3

9
5

0
 b

y
 U

n
iv

ersity
 O

f Y
o

rk
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [3

1
/1

0
/2

0
2

3
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n

 W
iley

 O
n

lin
e L

ib
rary

 fo
r ru

les o
f u

se; O
A

 articles are g
o

v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o

n
s L

icen
se



10 |   COX ET AL.

F I G U R E  2  Plot of model estimates for individual subjects' median fo across the two speech styles. Each point in each speech style indicates 
one subject. The points for each subject are connected across the two speech styles with a line. Because model estimates are based on a pooling 
of repeated measures for each participant, we plot these estimates to provide a more robust picture of differences across speech styles. ADS, 
adult- directed speech; IDS, infant- directed speech.
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F I G U R E  3  Plot of model estimates for subjects' pitch variability across the two speech styles. Each point in each speech style indicates one 
subject. The points for each subject across the two speech styles are connected with a line. Because model estimates are based on a pooling of 
repeated measures for each participant, we plot these estimates to provide a more robust picture of differences across speech styles. ADS, adult- 
directed speech; IDS, infant- directed speech.
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evidence ratio = 0.85, credibility score = 0.46), as shown 
by Figure S2.

Articulation rate

The data for articulation rate indicate that caregivers 
produce fewer syllables per second in IDS (2.96 syll/s 
with 95% CI [2.89; 3.02]) compared to ADS (3.72 syll/s 
with 95% CI [3.61; 3.84]), as shown in Figure 4. We ob-
tain strong evidence in favor of the hypothesis of a slower 
articulation rate in IDS (−0.77 syll/s [−0.87; −0.67], evi-
dence ratio: Inf, credibility score: 1, with 26/26 partici-
pants displaying a negative effect). The model indicates 
a higher degree of variability in IDS (σ = 1.1 syll/s [0.958; 
1.06]) than in ADS (σ = 1.07 syll/s [1.06; 1.09]). We ac-
cordingly obtain evidence that articulation rate in IDS 
exhibits a greater amount of residual variability within 
speech style (0.06 syll/s [0.02; 0.11], evidence ratio = 139.6, 
credibility score = 0.99, with 26/26 participants display-
ing a positive effect). The model indicates no clear corre-
lation between the speech style estimates for each subject 
(r = .11 [−.29; .49]). The model with age as a predictor ex-
hibits similar out- of- sample predictive accuracy (elpd: 
−23.4, se: 6.9) compared to the model with only speech 
style as a predictor, and we observe a robust small effect 
of age (estimate = .006 [.002; .009], evidence ratio = 172.1, 
credibility score = 0.994), as shown in Figure 5 as well as 
Figure S2.

Vowel duration

The data for vowel duration indicate that caregivers 
overall produce similar vowel durations in ADS (0.078 s 
[0.075; 0.081]) and in IDS (0.077 s [0.074;0.081]), as shown 
in Figure 6. We obtain no evidence in favor of the hy-
pothesis that caregivers' vowels in IDS exhibit longer 
duration (−0.000 s [−0.004; 0.003], evidence ratio = 0.61, 
credibility score = 0.38, with only 6/26 participants dis-
playing a reliable positive effect). The model also indi-
cates a similar degree of variability in the distribution 
of values in IDS (σ = 0.024 [0.022; 0.025]) and ADS 
(σ = 0.024 [0.022; 0.026]). We accordingly obtain no 
evidence in favor of the hypothesis that IDS exhibits a 
greater amount of residual variability within speech 
style (0.000 s [−0.001; 0.002], evidence ratio: 1.33, cred-
ibility score: 0.57, with only 5/26 participants showing a 
reliable positive effect). The model with age as a predic-
tor exhibits less out- of- sample predictive accuracy (elpd: 
−77.7, se: 14.5) compared to the model without age as a 
predictor, and we likewise see no robust effect of age (es-
timate = .002 [−.007; .010], evidence ratio = 1.80, credibil-
ity score = 0.64), as shown by Figure S2. We conducted 
a control analysis of vowel duration to check whether 
the speech styles exhibited different values across pho-
nologically short and long vowels (cf. Figure S6.1). The 
control analysis indicated that short vowels are slightly 
longer in ADS than in IDS, however, not robustly so 
(estimate = .02 [−.02; .06], evidence ratio = 3.1, credibility 

F I G U R E  4  Plot of model estimates for subjects' articulation rate across the two speech styles. Each point in each speech style indicates one 
subject. The points for each subject are connected across the two speech styles with a line. Because model estimates are based on a pooling of 
repeated measures for each participant, we plot these estimates to provide a more robust picture of differences across speech styles. ADS, adult- 
directed speech; IDS, infant- directed speech.
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score = 0.77), whereas long vowels in ADS were shown to 
be longer than those in IDS (estimate = .07 [.01; .13], evi-
dence ratio = 30.5, credibility score = 0.97). We conducted 
a second control analysis by normalizing vowel duration 
according to the inverse of the median articulation rate 
for each speaker (cf. Figures S9.1 and S9.2). This control 
analysis indicated that rate- normalized vowel length in 

IDS (0.23 [0.22; 0.24]) was robustly smaller than in ADS 
(0.30 [0.29; 0.31]).

Vowel space area

The data for vowel space area indicated that caregiv-
ers' vowel space area in ADS (Cohen's d = −.01 [−.37; 
.34]) was greater than that in IDS (Cohen's d = −.44 
[−.81;  .05]). As shown in Figure 7, we obtained strong 
evidence in favor of the hypothesis that the vowel space 
area in IDS was smaller than in ADS (d = −.43 [−.85; 
−.001], evidence ratio = 19.18, credibility score = 0.95, 
however, the posterior estimates for all 26 participants 
included the null within their credible interval). The 
model indicated similar degree of substantial variabil-
ity in ADS (σ = 0.88 [0.52; 1.38]) and IDS (σ = 0.94 [0.55; 
1.49]). We obtained no evidence that IDS exhibited a 
greater degree of residual variability in vowel space 
area estimates within speech style (d = .09 [−.43; .62], 
evidence ratio = 1.58, credibility score = 0.61, with 0/26 
participants displaying an effect without the null in 
their credible interval). The model with age as a pre-
dictor exhibited similar out- of- sample predictive accu-
racy (elpd: −1.3, se: 2.2) compared to the model without 
age as a predictor; however, as shown in Figure S2, the 
measure exhibited a high degree of uncertainty (esti-
mate = −.04 [−.07; −.01], evidence ratio = 31.64, credibil-
ity score = 0.969). These results should be interpreted 
with caution, especially as the model of vowel space 

F I G U R E  5  Plot showing how caregivers' articulation rate 
changes as a function of infant age in the two speech styles. The plot 
shows 150 posterior predictions from the model including age as a 
predictor. The plot indicates relative stability for ADS and a relative 
increase in articulation rate in IDS. ADS, adult- directed speech; 
IDS, infant- directed speech.

F I G U R E  6  Plot of model estimates for subjects' vowel duration across the two speech styles. Each point in each speech style indicates one 
subject. The points for each subject are connected across the two speech styles with a line. Because model estimates are based on a pooling of 
repeated measures for each participant, we plot these estimates to provide a more robust picture of differences across speech styles. ADS, adult- 
directed speech; IDS, infant- directed speech.
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area based on all of the border vowels showed no robust 
differences between the speech styles (estimate = −.14 
[−.54; .26], evidence ratio = 2.59; credibility score: 0.72, 
with 0/26 participants displaying a robust positive ef-
fect), nor any effect of infant age (estimate = −.012 
[−.046; .022], evidence ratio = 2.59, credibility score: 
0.72), as shown in Figures  S3.1 and S3.2. We discuss 
the implications of these results further below. We con-
ducted a control analysis of vowel space area with all 
border vowels to check whether the speech styles exhib-
ited different values across different contexts of stress, 
focus, word type, and length (cf. Figure S6.2 for all es-
timates). Across the majority of contexts, there were 
no differences in vowel space with all border vowels, 
with the exception of long vowels where the ADS vowel 
space area tends to be smaller (estimate = −.44 [−.87; 
−.01], evidence ratio = 20.2, credibility score = 0.95) as 
well as unstressed vowels where ADS vowel space area 
appears to more expanded than in IDS (estimate = .46 
[.13; .8], evidence ratio = 75.77, credibility score = 0.99).

Meta- analytic priors

In this section, we consider whether our findings change 
if we statistically integrate information from a recent 
meta- analysis of IDS (Cox, Bergmann, et al., 2022) and 
a prior empirical study of Danish IDS (Bohn,  2013) 
and how our posterior estimates relate to those differ-
ent priors. In Figure  8, we depict how each of these 

priors update into posteriors after seeing the data; that 
is, we incorporated information from other studies and 
assessed the extent to which our estimates changed (cf. 
Fusaroli, Grossman, et al., 2021; Parola et al., 2022 for 
similar approaches). We chose the parameters of the 
skeptical prior in this analysis with a view to regulariz-
ing the effect of data on the posterior estimates; that is, 
this skeptical prior encodes the very low likelihood of 
large effect sizes (cf. Section S1). Figure 8 and Table 4 
indicate that prosodic properties of Danish IDS (i.e., 
fo, fo variability and articulation rate) conform to the 
expectations generated by meta- analytic estimates 
(in purple), although the estimates for Danish show 
smaller effect sizes for each of the three acoustic meas-
ures (cf. Kvarven et al., 2020). Note, however, that our 
results for fo contradict those of Bohn (2013; in green) 
who found evidence for a null effect. Interestingly, the 
vowel duration results for Danish contradict the cross- 
linguistic tendency for vowels to be longer in IDS, as 
shown by the meta- analytic estimate, but conform to 
evidence obtained in Bohn's (2013) experimental study 
of Danish. Lastly, our negative posterior estimate 
for vowel space area in Danish similarly contradicts 
cross- linguistic patterns of vowel space expansion, but 
conforms to the results obtained in Bohn's  (2013) ex-
perimental study. We should point out that due to the 
high degree of uncertainty associated with the current 
sample and the low degree of uncertainty in the meta- 
analytic estimate based on 32 studies (Cox, Bergmann, 
et al., 2022), the Danish data do not substantially sway 

F I G U R E  7  Plot of model estimates for subjects' vowel space area across the two speech styles. Each point in each speech style indicates one 
subject. The points for each subject are connected across the two speech styles with a line. Because model estimates are based on a pooling of 
repeated measures for each participant, we plot these estimates to provide a more robust picture of differences across speech styles. ADS, adult- 
directed speech; IDS, infant- directed speech.
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the existing evidence of a general vowel space expan-
sion in IDS across languages. The lack of overlap 
between the skeptical and meta- analytic posterior dis-
tributions supports the idea of Danish behaving dif-
ferently from most other languages in regard to vowel 
space area in IDS.

Within- vowel variability

This section concerns the third aim of the study, namely 
to investigate within- vowel variability and between- vowel 
discriminability in Danish IDS and ADS. The results of 
the location- scale model pertaining to within- vowel vari-
ability indicated that the vowel categories of Danish IDS 
exhibited a greater degree of within- category variabil-
ity to those in Danish ADS. This is reflected in Table 5 
below, which shows the ratio of evidence in favor of ADS 
vowel categories showing less variability than IDS vowel 
categories. The model indicated that all of the vowel clus-
ters in IDS (except /ɑ/) exhibited more variability than in 
ADS in the dimension of vowel height (i.e., F1), and all of 
the vowel clusters except /y/ and /ɔ/ exhibit more variabil-
ity in IDS in the dimension of vowel front- backness (i.e., 
F2). The model also showed evidence that the majority 
of the vowels investigated exhibited raising of IDS for-
mants in both height and front- backness dimensions (cf. 

Table 5). Figure 9 shows posterior samples drawn from 
the location- scale model of the vowel data and likewise 
reflects these patterns.

Vowel discriminability measure

Similarly, the model of vowel discriminability indicates 
that caregivers produce less discriminable vowels in IDS 
(0.54 [0.50; 0.59]) than in ADS (0.67 [0.64; 0.70]), as shown 
in Figure 10. We obtain strong evidence in favor of the 
hypothesis that caregivers exhibit a lower proportion of 
explained variance in IDS (−0.13 [−0.16; −0.09], evidence 
ratio = Inf, credibility score = 1, with 24/26 participants 
displaying a reliable negative effect). The model also 
indicates a similar degree of variability in the distribu-
tion of values in IDS (σ = 0.023 [0.002; 0.088]) and in ADS 
(σ = 0.017 [0.002; 0.062]). We accordingly obtain weak 
evidence in favor of the hypothesis that IDS exhibits a 
greater amount of variability (0.01 [−0.04; 0.06], evidence 
ratio = 0.7, credibility score: 0.7, with 0/26 participants 
showing a reliable positive effect). The model with age as 
a predictor exhibits similar out- of- sample predictive ac-
curacy (elpd: −1.2, se: 4.7) compared to the model with-
out age as a predictor; however, as shown in Figure S2, 
we see no robust effect of age (estimate = .001 [−.007; 
.009], evidence ratio = 0.63, credibility score = 0.38).

F I G U R E  8  A panel of prior– posterior update plots for each of the acoustic measures, showing how the skeptical and meta- analytic priors 
change as a result of learning from the data. The meta- analytic estimates consist of a synthesis of data from studies on IDS (Cox, Bergmann, 
et al., 2022) as well as a recent large- scale cross- linguistic study on the features of IDS (Hilton et al., 2021). ADS, adult- directed speech; IDS, 
infant- directed speech.
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DISCUSSION

This paper set out to investigate caregivers' spontane-
ous IDS and ADS in Danish and quantify the extent to 
which caregivers modify the prosodic and vocalic fea-
tures across the two speech styles. We turned our focus 
to three different aspects of the acoustic expression of 
Danish IDS. First, we looked at the extent to which five 
acoustic properties that have been reported extensively 
in the literature on IDS (Cox, Bergmann, et al., 2022) 
were expressed in Danish. The results indicated that 
Danish caregivers conformed to cross- linguistic pat-
terns of prosodic properties of IDS, producing IDS 
with a higher median fo, a greater degree of fo vari-
ability, and a slower rate of articulation. The vocalic 
measures of vowel duration and vowel space area in 
IDS, on the other hand, contradicted cross- linguistic 
tendencies, with caregivers producing either a reduced 
or similar vowel space area in IDS (cf. Figure  7 and 
Figure  S3.1), as well as similar vowel durations or 
slightly longer vowels in ADS (cf. Figure 6; Figure S6.1). 
Second, we asked whether any of the acoustic prop-
erties of Danish caregivers' IDS exhibited change ac-
cording to infant age. The results indicated no clear 
age- related changes in the majority of the prosodic and 
vocalic measures (cf. S2 in Supporting Information), 
with the exception of articulation rate, which became 
gradually more similar to Danish ADS in IDS ad-
dressed to older infants (cf. Figure 5). Lastly, we asked 
how parents negotiated the balance between within- 
vowel variability and between- vowel separability, and 
whether vowel categories in Danish IDS exhibited a 
higher degree of discriminability. In our sample of par-
ticipants, Danish caregivers produced formant raising, 
a greater degree of within- vowel variability and a lower 
degree of between- vowel discriminability in IDS when 
compared with ADS. While our results thus partially 
support prior cross- linguistic findings (e.g., Englund 
& Behne,  2005; Rattanasone et al.,  2013; Rosslund 
et al., 2022), they also provide further evidence of the 
unusual nature of Danish speech and conversational 
practices (cf. Dideriksen et al., 2022; Trecca et al., 2021 
for a review). In the following discussion, we discuss 
each of these results in turn and argue that they call 
for more hypothesis- driven comparisons between simi-
lar languages (Christiansen et al., 2022) as well as the 
widespread adoption of cumulative science practices 
(Brand et al., 2019; Fusaroli, Grossman, et al., 2021).

Danish IDS and cross- linguistic patterns

The finding that Danish caregivers produce speech 
with an elevated pitch, more varied melody and fewer 
syllables per second in IDS than in ADS conforms to 
cross- linguistic patterns of prosodic features of IDS 
(Cox, Bergmann, et al.,  2022; Hilton et al.,  2022). The T
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current results provided further evidence showing that 
the speech style we use when interacting with young chil-
dren has similar prosodic features across a wide inter-
section of languages (Broesch & Bryant, 2015; Bryant & 
Barrett, 2007; Hilton et al., 2022). The above results for 
Danish and most cross- linguistic studies highlight pitch 
properties as being the most salient cues in IDS during 
early development (Broesch & Bryant,  2015; Bryant & 

Barrett,  2007; Fernald,  1989). These acoustic proper-
ties serve the functions of communicating intentions, 
grabbing an infants' attention, expressing emotions, 
and encouraging behavior (Bryant & Barrett,  2007; 
Fernald & Mazzie, 1991; Fernald & Simon, 1984). This 
result also reverberates with studies showing that the 
tendency for IDS to grab infants' attention seems to be 
driven primarily by pitch elevation (Segal & Newman, 

F I G U R E  9  Plot of posterior draws from the location- scale model of vowel categories in Danish IDS (blue) and ADS (orange). The dotted 
ellipsis encompasses 95% of the vowels while the innermost ellipsis surrounds 80% of the vowel distribution. Note that we only model vowel 
categories for which we have above 50 tokens (cf. Table 3). ADS, adult- directed speech; IDS, infant- directed speech.

TA B L E  5  Evidence ratios for individual vowel categories. An evidence ratio of >1 indicates evidence in favor of the hypothesis either (i) that 
the value of F1 or F2 in ADS is lower than that in IDS (columns 2 and 3) or (ii) that the F1 or F2 of the vowels in ADS exhibits less variability 
than that in IDS (columns 4 and 5).

Vowel cluster F1
ADS

 < F1
IDS

F2
IDS

 > F2
ADS

F1, σ
ADS

 < σ
IDS

F2, 

σ
ADS

 < σ
IDS

i 189 0.38 Inf 399

y 31.5 9.84 7.97 0.77

e Inf 1.76 Inf 132.00

ø 3999 443.00 3999 9.05

ε Inf 3.19 Inf 25.0

æ 20.86 0.906 3.23 1.53

ɶ 5.68 Inf 0.922 38.2

ɑ 1.56 Inf 56.1 147.00

ʌ Inf Inf Inf 69.2

ɔ Inf 799 332 0.269

o 49.6 147.00 1.05 4.47

u 60.5 29.3 18.0 147.0

Abbreviations: ADS, adult- directed speech; IDS, infant- directed speech.
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2015). The finding of a higher median fo in this study 
actually contradicts a previous study of Danish IDS 
(Bohn, 2013); however, the cause of this discrepancy may 
be due to methodological differences, as we know that 
recordings of spontaneous speech produces bigger ef-
fect sizes compared to those of more controlled speech 
(Cox, Bergmann, et al.,  2022). The explicit integration 
of Bohn's  (2013) results into the prior of our statistical 
model allowed us to quantify the extent to which this 
prior updates into a positive posterior estimate after see-
ing our data (cf. Figure 8). Given the small differences 
between the posterior estimates with priors from Cox, 
Bergmann, et al.'s (2022) meta- analysis and Bohn's (2013) 
experimental study, the results suggest that we now have 
strong evidence that fo in Danish IDS is higher than in 
ADS. It should be noted, however, that the size of the 
effect is more moderate than the effect size suggested by 
the meta- analysis of IDS (Cox, Bergmann, et al., 2022).

The greatest difference between the two speech 
styles was a slower articulation rate in IDS (cf. Table 4). 
This acoustic property of Danish IDS again conforms 
to cross- linguistic patterns of acoustic features of IDS 
(Cox, Bergmann, et al., 2022) and may serve the purpose 
of easing the cognitive demand involved in young in-
fants' processing of speech (Christiansen & Chater, 2016; 
Peter et al.,  2016; Saffran & Kirkham,  2018; Thiessen 
et al.,  2005). A slowed articulation rate has also been 
shown to increase the intelligibility of speech (Ferguson 
& Kewley- Port,  2007; Lam & Tjaden,  2013; Searl & 
Evitts,  2013), to facilitate word recognition and learn-
ing (Raneri, 2015; Song et al., 2010) and to be used when 

introducing unfamiliar words (Han et al., 2018). In terms 
of prosodic properties of IDS, then, Danish caregivers 
made acoustic modifications in a way that suggests flex-
ible adaptation to infants' communicative immaturity 
and developmental needs (Fusaroli, Weed, et al.,  2021; 
Goldstein & Schwade,  2008; Ko et al.,  2016; Nguyen 
et al., 2022; Warlaumont et al., 2014).

Our analysis of vowel space area in Danish IDS 
and ADS contradicted the general cross- linguistic ten-
dency for vowel space expansion in IDS (e.g., Hartman 
et al., 2017; Liu et al., 2003), but was consistent with ear-
lier acoustic investigations of IDS in Danish (Bohn, 2013; 
Dideriksen & Fusaroli,  2018) and the growing num-
ber of studies showing language specificity in some of 
the acoustic properties of IDS (e.g., Englund,  2018; 
Rattanasone et al.,  2013; Rosslund et al.,  2022). Vowel 
space reduction, for example, has been found in a num-
ber of different languages, such as Dutch (Benders, 2013), 
Norwegian (Englund,  2018; Englund & Behne,  2005; 
Steen & Englund,  2021), and Cantonese (Rattanasone 
et al.,  2013). Considering the general connection be-
tween speech clarity and vowel space expansion (Lam 
et al.,  2012; Whitfield & Goberman,  2017; Whitfield & 
Mehta, 2019)— as well as the phonetic opacity of Danish 
sound structure— we may have expected Danish care-
givers to increase the separability between the centroids 
of vowel categories in IDS. Our control analysis of the 
vowel space area measures (cf. Figure S6.2) shows that 
even in contexts of emphasis (e.g., focused constituents 
and content words), we see no clear evidence of vowel 
space expansion, the only potential exception being long 

F I G U R E  10  Plot of model estimates for the proportion of explained variance from category membership across the two speech styles. Each 
point in each speech style indicates one subject. The points for each subject are connected across the two speech styles with a colored line. ADS, 
adult- directed speech; IDS, infant- directed speech.
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vowel contexts where the vowel space in IDS is slightly 
expanded. These results highlight the need for more stud-
ies to test whether clear speech in Danish as well as other 
languages can be described with vowel space expansion, 
or to a greater extent can be measured by a slowed artic-
ulation rate or some other mediating acoustic variable 
(Ferguson & Kewley- Port,  2007; Lam & Tjaden,  2013; 
Searl & Evitts, 2013).

Another feature that has been proposed to aid speech 
intelligibility involves an exaggeration of differences in 
vowel duration, thus making relevant phonological dif-
ferences more salient to children (Seidl & Cristià, 2008; 
Soderstrom et al., 2003). In our first control analysis of the 
vowels across different contexts of phonological length 
(cf. Figure S6.1), we found that phonologically long vow-
els in ADS exhibit longer duration compared to those in 
IDS, whereas vowels of short phonological length exhib-
ited similar durations across the two speech styles. These 
findings of no clear differences between vowel durations 
across the two speech styles should be interpreted in 
light of the use of quantity distinctions to distinguish 
word meaning in Danish. For example, distinctions be-
tween the singular tov [tɒʊ̯ ] “rope” and the plural tove 
[ˈtɒʊ̯ ]ː “ropes” or between hus [hu ˀːs] “house” and huse 
[huːː s] “houses” often relies on subtle quantity differ-
ences in vowel length. The finding of a lack of exagger-
ation of IDS vowel lengths within this complex quantity 
system may suggest that caregivers rely on more trans-
parent cues to clarify these word meanings (Kjærbæk 
& Basbøll,  2016), such as clearer consonantal cues or 
[ɐ]-  and [ə]- suffixation (e.g., tove [ˈtʌwə] “ropes” and huse 
[ˈhuːsə] “houses”). Moreover, because longer segmental 
duration tends to co- occur with a slowed articulation 
rate (Panneton et al.,  2006; Song et al.,  2010), we con-
ducted a second control analysis where we normalized 
vowel duration by the inverse of the median articulation 
rate for each speaker. Rate- normalized vowel length was 
shorter in IDS than in ADS (cf. Figure S9.1), implying 
that vowels constitute a smaller proportion of the speech 
stream in IDS. Because rate- normalized vowel length ex-
hibited similar slopes for phonologically long and short 
vowels across speech styles (cf. Figure S9.2), the results 
still suggest a lack of exaggerated quantity distinctions 
between long and short vowels in IDS. These findings 
hold interesting implications in the context of Danish 
phonetic structure, where the frequent reduction of ob-
struents to vocalic sounds (i.e., consonant reduction) has 
been argued to reduce the salience of cues that allow 
infants to extract information from the speech stream 
(Bleses et al., 2008a, 2008b; Højen & Nazzi, 2016; Trecca 
et al.,  2019). The finding that rate- normalized vocalic 
material comprises a smaller part of the speech stream 
in IDS may tentatively suggest that Danish caregivers to 
a greater extent exaggerate consonantal cues in IDS, pre-
sumably to aid Danish- learning infants in segmenting a 
highly vocalic speech stream (Bleses et al., 2008a; Trecca 
et al.,  2019, 2020). These intriguing findings in Danish 

IDS and ADS vowels require further experimental in-
vestigation and demonstrate the importance of consid-
ering subtle distinctions across phonological systems in 
discovering differences in the acoustic expression of IDS 
and ADS.

Stability and dynamic changes in features

The second aim of this paper was to investigate the ex-
tent to which the acoustic expression of Danish IDS 
changes with infant age. The results indicated no clear 
age- related changes in the majority of the prosodic and 
vocalic measures (cf. S2 in Supporting Information), 
with the exception of articulation rate, which became 
gradually more similar to Danish ADS the older the in-
fants were (cf. Figure 5). This finding of an age- related 
change conformed to other cross- linguistic studies of 
age- related changes in the acoustic properties of IDS 
(Kondaurova et al.,  2013; Lee et al.,  2014; Narayan & 
McDermott, 2016; Raneri, 2015) and may reflect caregiv-
ers' adaptation to infants' gradual improvement in their 
processing of the speech stream over the span of early de-
velopment (Christiansen & Chater, 2016; Peter et al., 2016; 
Saffran & Kirkham,  2018; Werker & Tees,  1999). The 
lack of change in vowel duration, however, which often 
goes hand in hand with articulation rate, contradicted 
longitudinal studies in several languages, indicating that 
caregivers often decreased the relative vowel duration 
differences in IDS and ADS as infants became older 
(Englund & Behne, 2005; Hartman et al., 2017; Vosoughi 
& Roy,  2012). The lack of age- related changes in pitch 
properties likewise contradicted the majority of stud-
ies that suggest that caregivers reduce the median fo 
and fo variability in IDS as their infants become older 
(Amano et al., 2006; Gergely et al., 2017; Han et al., 2020; 
Kondaurova et al.,  2013; Niwano & Sugai,  2002; Stern 
et al.,  1983; Vosoughi & Roy,  2012). Similarly, we saw 
no changes in either vowel space expansion or vowel 
discriminability. The stability in these measures may 
indicate their continued function of increasing infant at-
tention and social motivation as well as expressing af-
fect (Fernald, 1989; Fernald & Kuhl, 1987; Kitamura & 
Lam, 2009; although see Ma et al., 2011); however, any 
conclusions that we can make about age- related changes 
may be limited by our reliance on a cross- sectional sam-
ple, as discussed further in the Limitations & Future 

Directions section below.

Within- vowel variability and between- vowel 
discriminability

One of the main objectives of this study was to broaden 
our knowledge of the internal distributions of vowel cat-
egories in Danish IDS and ADS by investigating each 
of the members in the large vowel inventory. The results 
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indicated that caregivers produce more variable vowel 
categories in IDS compared to ADS, providing another 
example to add to the growing number of studies show-
ing less compact vowel categories in IDS (cf. Cristia & 
Seidl,  2014; Martin et al.,  2015; McMurray et al.,  2013; 
Miyazawa et al., 2017; Rosslund et al., 2022). This larger 
degree of variability in IDS vowel categories also influ-
enced the between- vowel discriminability in IDS, with 
vowels being more overlapping in IDS compared to 
ADS. This lower degree of vowel discriminability did 
not appear to change across infant ages (cf. Figure S2).

The combination of less between- vowel separability 
(i.e., a similar or reduced vowel space area) and a higher 
degree of within- vowel variability in IDS at first glance 
contradicted the prominent hypothesis that IDS serves to 
clarify the speech signal and help infants learn phonetic 
categories (Hartman et al., 2017; Liu et al., 2003). However, 
the presence of variability may benefit infants in a num-
ber of different ways. One way that variability may benefit 
infants is by leading the infant to a greater degree of ab-
straction from individual categories and a more robust sys-
tem of categorization (Perry et al., 2010; Raviv et al., 2022; 
Rost & McMurray,  2009, 2010). For example, Rost and 
McMurray (2009) found that infants trained on labels spo-
ken by a single speaker failed to distinguish between labels 
for visual objects that had a minimal phonological differ-
ence, whereas infants who were exposed to labels uttered by 
multiple speakers succeeded. Houston and Jusczyk (2000) 
similarly showed that increasing the number of speakers 
during familiarization facilitated 5-  to 7- month- old infants' 
generalization of sound patterns to novel speakers. Infant 
word learning has likewise been shown to rely on variabil-
ity; Perry et al.'s (2010) longitudinal study showed that in-
fants trained on a more variable set of stimuli exhibited 
greater generalization to novel stimuli of these categories. 
These studies indicate that a greater degree of variability 
may allow infants to abstract away from instances that are 
not good exemplars of category (Eaves et al., 2016).

The above notions resonate with theories suggesting 
that infants identify phonological distinctions by observing 
and processing statistical regularities in the speech stream 
(e.g., Pierrehumbert, 2003). This construal of language de-
velopment posits that infants form a phonological system 
through a gradual process of matching acoustic input with 
memories of similar events in an active constructive pro-
cess. Infants' perceptual development may therefore admit 
a crucial role for variability, as within- category variability 
can allow infants to compute statistics over multiple di-
mensions concurrently (Pierrehumbert, 2003).

Vowel variability may benefit infant learning in a 
second way: Lower levels of variability and complexity 
can lead to habituation, which can counteract learning 
by causing low attention (Colombo & Mitchell,  2009; 
Hunter et al., 1983; Paulus, 2022). In this sense, a greater 
degree of variability may be necessary for attention and 
learning in phonetic category development (Christiansen 
& Chater,  2016; Raviv et al.,  2022). For example, an 

experimental study has shown that 14- month- old infants 
learned faster from a single speaker who spoke with a 
greater degree of variability in duration, pitch, and pitch 
variability (Galle et al., 2015). The notion that variabil-
ity in the speech stream can attract infants' attention 
goes hand in hand with the results obtained in this study 
that fo, fo variability and articulation rate all exhibited 
a greater degree of variability within Danish IDS than 
within ADS. The beneficial role of variability may thus 
consist primarily in its ability to grab and maintain in-
fant attention (Englund, 2018).

A third possibility is that the greater degree of vowel 
variability could potentially be a side effect of other 
articulatory features specific to IDS. This may include 
an elevated pitch and pitch variability, which has been 
shown to impact both F1 and F2 measures (McMurray 
et al., 2013). Relatedly, the tendency for caregivers to raise 
their larynx in IDS— either to convey non- threatening 
behavior (Kalashnikova et al.,  2017), to mimic infant 
production (Cristia,  2013; Polka et al.,  2022), to grab 
infant attention (Masapollo et al.,  2016), or to convey 
positive affect (Benders, 2013; Saint- Georges et al., 2013; 
Singh et al., 2002), or a combination thereof— would pro-
duce a shorter vocal tract and result in an increase in 
both the first and second formants for all of the vowels. 
The results indeed indicated a leftward and downward 
transformation (i.e., raised F1 and F2 values) in the IDS 
formant centroids for the majority of the vowel catego-
ries investigated (cf. Table 5).

Another articulatory factor that might shorten the 
vocal tract and produce the shifts in formant frequencies 
would be through smiling. Smiling involves a retraction 
of the lips and widening of the mouth, with a resultant in-
crease in the first and second vowel formants (Barthel & 
Quené, 2015; Tartter, 1980). The acoustic origin of smiling 
in the animal kingdom has been posited to derive from 
the desire to raise the resonant frequencies of the vocal 
tract to sound smaller and convey appeasement toward 
others (Ohala, 1980; Xu & Chuenwattanapranithi, 2007). 
This last explanation would admit a crucial role for the 
audio– visual component of language development and 
would conform to evidence indicating that infants can 
integrate audio– visual speech stimuli at an early point in 
development (Cox, Keren- Portnoy, et al., 2022) and flexi-
bly take advantage of intersensory redundancy when pro-
cessing complex audio– visual speech stimuli (Bastianello 
et al., 2022; Hillairet de Boisferon et al., 2017; Lewkowicz 
& Hansen- Tift,  2012; Pons et al.,  2015). Infants also 
preferentially attend to infant- directed faces (Kim & 
Johnson, 2014), and smiling during interaction produces 
a greater frequency of speechlike syllabic infant vocal-
izations (Hsu et al., 2001). The observed formant raising 
in IDS could thus be in part motivated by these visual 
and emotional accompaniments to verbal communica-
tion (Englund,  2018). It is important to recognize that 
raising the formants in IDS does not necessarily mean 
that caregivers cannot simultaneously expand the vowel 
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space. These two features of IDS can work together, and 
exploring how they interact and contribute to the pro-
posed functions of IDS will be a valuable topic for future 
research.

Limitations and future directions

The results of this study highlight the need for detailed 
cross- linguistic analysis of the acoustic properties of 
IDS and demonstrate the value of comparatively and 
critically incorporating statistical information from 
prior studies (Brand et al.,  2019; Devezer et al.,  2019; 
Fusaroli, Grossman, et al., 2021). There are several limi-
tations of this study, which are important to keep in 
mind for planning future studies. The first limitation 
concerns the characteristics of our participant sample. 
The lack of age- related effects for most of the acous-
tic features of IDS examined here must be interpreted 
in light of relying on a cross- sectional sample, as some 
of the ages were represented by only one or two par-
ticipants. Because the infants of the caregivers under 
investigation were between 11 and 24 months of age, 
moreover, they would already have a certain level of ex-
posure and knowledge of the phonetic categories of their 
first language (cf. Kuhl, 2000). The current results, for 
example, cannot rule out the possibility that caregivers 
initially produce a greater degree of vowel separabil-
ity to younger infants, as indicated in studies of other 
languages (cf. Hartman et al., 2017; Kuhl et al., 1997; H. 
Liu et al., 2003). If IDS is construed as a form of speaker 
adaptation, we might also expect infants' developmental 
status as well as the kinship status and familiarity of the 
interlocutor to affect the generalizability of the results. 
Future research exploring the effects of diverse speaker 
characteristics would provide important insights into 
factors affecting the acoustic properties of IDS (e.g., 
Kaplan et al.,  2001; Lam- Cassettari & Kohlhoff,  2020; 
Steen & Englund,  2021; Woolard et al.,  2022). The re-
cent expansion in the availability of cross- linguistic data 
(e.g., MacWhinney,  2014) and technological improve-
ments to perform automatic transcription (e.g., Cychosz 
et al.,  2021; Räsänen et al.,  2021) allow more detailed 
analyses of how IDS differs across individuals, gen-
ders, languages, and infant ages. To take full advantage 
of cumulative science practices, we would encourage 
researchers to share utterance-  and vowel- level data in 
open repositories. This approach to future investigations 
of IDS would allow for a higher resolution of how the 
acoustic properties of IDS differ between individuals, 
languages, and infant ages. In line with this recommen-
dation, the data and code used in this manuscript are 
available in the following open repository: https://osf.io/
ywf9m/ ?view_only=d99fc 6dbc6 1546f ebff6 19b86 74a7943.

A second limitation of this study concerns the focus 
on Danish without any comparison to other languages 
or cultures that differ in a key moderator of interest. For 

example, a comparison between Danish and a similar 
vowel- rich language without quantity distinctions would 
provide important insights into how phonological struc-
ture can influence the acoustic expression of IDS. By 
conducting theory- driven comparisons of the acoustic 
properties of IDS across a diverse intersection of lan-
guages and cultures (Christiansen et al.,  2022; Deffner 
et al., 2021), we can obtain a fuller picture of the cross- 
cultural and cross- linguistic variables that moderate the 
acoustic expression of the speech style. One approach 
would be to investigate culturally similar societies that 
differ in the key phonological variables of interest (e.g., 
number of front vowels, consonantal lenition, or schwa 
assimilation). By keeping unobserved cultural variables 
roughly comparable, such as socio- economic status and 
child- rearing practices, we can isolate the influence of 
language structure and facilitate causal inference about 
specific acoustic modifications in caregivers' IDS. 
Another approach would include computational mod-
els with IDS and ADS speech data from a diverse inter-
section of languages to formulate testable predictions 
on whether the benefits of the speech style derive from 
the improved information structure of the speech signal 
(e.g., Eaves et al., 2016; Ludusan et al., 2021; McMurray 
et al., 2009). This in turn would allow us to examine and 
answer questions as to whether caregivers' acoustic mod-
ifications in IDS relate mainly to phonological structure 
or cultural practice.

CONCLUSION

The present study was designed as a comparative analysis 
of the acoustic properties of Danish ADS and IDS. First, 
the results indicated that pitch, melody, and articulation 
rate in IDS were modified by Danish caregivers in simi-
lar ways to other languages. However, Danish vowels in 
IDS were articulated with no acoustic exaggeration and 
with similar durations compared to ADS. The findings 
for the vocalic properties of Danish IDS here thus add 
to a small subset of studies finding no vocalic exaggera-
tion in IDS and provide further evidence of the peculiar 
nature of Danish sound structure. Second, articulation 
rate was the only property of Danish IDS to exhibit dy-
namic change and became more similar to Danish ADS 
when directed to older infants. Third, Danish caregiv-
ers produced a greater degree of within- vowel variability 
and a lower degree of between- vowel discriminability in 
IDS when compared with ADS. These findings highlight 
the need for future studies to conduct theory- driven 
comparisons of the acoustic expression of IDS across a 
wide intersection of languages with distinct phonologi-
cal systems.
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