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Abstract

Child-caregiver interactions involve mutual anticipation and contingent responses where each
interactant adapts their behaviour in response to social feedback from the other interactant. This
dissertation focuses on two features that originate in these social feedback loops and are highly
characteristic of early child-caregiver interactions: speech content (i.e., infant-directed speech,
IDS) and temporal structure (i.e., turn-taking). To map out the sampling space of previous studies
and to gain a better understanding of how social contingency shapes the form and structure of early
child-caregiver interactions, I conduct systematic reviews, meta-analyses, and critically leverage
cumulative science practices. Study I is a systematic review and Bayesian meta-analysis of the
acoustic features of IDS. The study aims to investigate how the acoustic features of IDS differ
across infant ages and languages and to understand these results in relation to the purported
functions of IDS. Study II goes hand in hand with the meta-analysis on IDS and provides a
comprehensive acoustic analysis of the prosodic and vocalic properties of Danish caregivers’
spontaneous IDS and adult-directed speech (ADS). Study I11 is a systematic review and Bayesian
meta-analysis on the developmental trajectory of infants’ turn-taking abilities, which attempts to
identify key moderators affecting response latencies to gain a better understanding of the cognitive
mechanisms underlying children’s turn-taking abilities. These three studies not only contribute to
our understanding of how social contingency shapes both the speech content and temporal
structure of early child-caregiver interactions, but also provide suggestions for future strands of

research and theory development.
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1 Introduction

Why is ‘peek-a-boo’ such an attractive game for young children to play with their caregivers? The
structure of the game is simple. Caregivers briefly conceal their presence behind their hands and
trigger a cascade of emotions and responses in the child when they reappear. One explanation for
its charm may be that this engaging ‘conversation’ involves mutual anticipation and contingent
responses where the behaviour of each participant is shaped by the reciprocal behaviour of their
interactant. This form of social feedback loop requires active participation of both parties and
illustrates how participants co-produce moments of socially contingent adaptation in their daily
interactions and behaviour (Donnelly & Kidd, 2021; Nikolaus & Fourtassi, 2023; Provenzi et al.,
2018; Tamis-LeMonda et al., 2001; Warlaumont et al., 2014).

The foundations for these rudimentary interactions start in the third trimester of pregnancy
as foetal hearing develops to perceive vocal signals transmitted through the intrauterine fluid of
the child-bearer (DeCasper & Fifer, 1980; Lee & Kisilevsky, 2014). At birth, infants prefer and
respond most consistently to communicative signals heard in the womb (DeCasper & Fifer, 1980)
and thereafter gradually start to engage in social interactions through non-linguistic means, such
as eye gaze, gesture and cry signals (Parsons et al., 2012; Snow, 1977b, 1977a, 2013; Vermillet et
al., 2022). At the same time, caregivers adapt multiple dimensions of their behaviour to suit the
developmental needs of their immature interlocutor (Chong et al., 2003; Kosie & Lew-Williams,
2023): from action (Karmazyn-Raz & Smith, 2023; Suanda et al., 2018) and gesture (Dimitrova
& Moro, 2013; Iverson et al., 1999) to touch (Lew-Williams et al., 2019; Seidl et al., 2015),
emotion (Moses et al., 2001; Pintar Breen et al., 2018) and speech (Broesch & Bryant, 2018;

Hilton et al., 2022).
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Caregivers’ socially contingent coordination of their behaviours across so many different
dimensions lies at the heart of child-caregiver interactions and is a basic property of
communicative systems (Dideriksen et al., 2023; Fusaroli & Tylén, 2012; Lorge & Katsos, 2019;
Pickering & Garrod, 2004, 2021; Rasenberg et al., 2020, 2022; Trujillo & Holler, 2023). Taking
juvenile addressees into account and adapting behaviour accordingly happens not only in humans,
but also in non-human animals; zebra finches, for example, introduce songs directed to their
juveniles with an introductory motif (Chen et al., 2016), bats use a specific peak frequency and
timbre in their pup-directed vocalisations (Fernandez & Knoérnschild, 2020), and long-tailed
macaque monkeys perform infant-directed tool-use actions with more frequent pauses, regular
repetitions and longer durations (Masataka et al., 2009). Such magnification of signals may in turn
facilitate infants’ learning of specific skills and direct infants’ attention to meaningful structures
(Brand et al., 2002; Ferrari, 2009; Hirai et al., 2022).

The social contingency of communicative signals — that is, the tendency to accommodate
the knowledge, needs and abilities of the interlocutor in the interactive process — shapes both the
speech content and temporal structure of early child-caregiver interactions. A full picture of early
child-caregiver interactions involves consideration of their wide range of dimensions, from
emotion and gesture to action and touch (cf., Schatz et al., 2022; Kosie & Lew-Williams, 2023;
Yu & Smith, 2012). To tackle foundational issues in the field and to provide a comparison point
for generalisation of patterns to other dimensions, this dissertation focuses on two features that are
highly characteristic of early child-caregiver interactions:

1. Acoustics of Infant-Directed Speech (IDS) — the set of acoustic modifications that
caregivers make to their own speech when communicating with infants and young

children.
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Il.  Infant Turn-taking Skills — the structured exchange of conversational or social
interactions where participants alternate speaking roles through coordinated

timing responses.

Both the speech content and temporal structure of early child-caregiver interactions originate in
the mutual feedback loops between interactants (Elmlinger et al., 2019, 2023; Goldstein &
Schwade, 2008; Laing & Bergelson, 2020; Ritwika et al., 2020; Warlaumont et al., 2014). This
bidirectional process of behavioural adaptation exhibits asymmetry in that caregivers coordinate
and adjust their contingent behaviours to their children more than children adjust their behaviour
to caregivers (Beebe et al., 2016); however, the feedback loops still require active participation
from both interactants and the developing skills, behaviour and knowledge of the child form a
crucial part of the socially contingent accommodations that take place (Donnelly & Kidd, 2021;
Nikolaus & Fourtassi, 2023; Provenzi et al., 2018; Tamis-LeMonda et al., 2001; Warlaumont et
al., 2014). By focusing on a subset of the dimensions of early child-caregiver interactions in this
way, I hope to reveal patterns and structures that can be applied to a wider range of dimensions;
for example, exaggeration in the dimension of speech may also apply to that of gesture or touch
(Masataka et al., 2009), and the back-and-forth temporal adjustments in turn-taking may also
generalise to the domains of action or gesture (Masataka, 1992, 1995; Novack et al., 2021; Reilly
& Bellugi, 1996). The focus on a subset of the features of child-caregiver interactions allows us to

interact with questions of the following type:

1 To what extent do caregivers speaking different languages exhibit variability in the
acoustic modifications they make in their IDS? Do caregivers change the acoustics of their

IDS as the infant grows older?

12



II.  How can we characterise the timing structures of early child-caregiver vocal interactions
and their developmental trajectories during ontogeny? To what extent can we gain

information about the mechanisms underlying the timing of turn-taking?

To gain a better understanding of how to approach these questions and to map out the sampling
space of previous studies (Kidd et al., 2023; Kidd & Garcia, 2022b, 2022c), I critically leverage
cumulative science practices by conducting systematic reviews and meta-analyses. This
cumulative approach to science allows us to generalise beyond the limitations of a single study
and evaluate regularities across multiple populations, conditions and contexts while recognising
the limits of such generalisations (Baumgartner et al., 2023; Brand et al., 2019; Cristia et al., 2022;
Fusaroli et al., 2022; Koile & Cristia, 2021; Lakens et al., 2016; Tsuji et al., 2014, 2017; Zettersten,
Cox, et al., 2023; Schreiner et al., 2022). I argue and demonstrate that construing scientific progress
as a cumulative and iterative process of data aggregation and theory revision allows us to identify
new directions to explore in the research landscape (cf., Fusaroli et al., 2022).

This dissertation is composed of three individual studies completed and published during
my doctoral studies (Cox, Bergmann, et al., 2023; Cox et al., 2022; Nguyen et al., 2022). Where
relevant, the dissertation will incorporate references to ongoing work pursued in extension of
topics explored in this strand of research (Cox, Templeton, & Fusaroli, 2023; Fusaroli et al., 2023;
Zettersten, Cox, et al., 2023). The three journal articles in their peer-reviewed form are included
in the present dissertation in Section 2 — the only difference to the published versions of the articles
is the idiosyncratic formatting and referencing preferences of each of the individual journals. All
data and code are available online on the Open Science Forum or GitHub, the links for which can

be found at the start of each of the papers in Section 2).
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The structure of the remainder of this dissertation is as follows. Section 1.1 provides an
overview of the acoustics of IDS (Section 1.1.1), how its use varies across cultures (Section 1.1.2)
and discusses its biophysical origins and cross-cultural adaptations (Section 1.1.3). Section 1.2
provides an overview of turn-taking and the development of children’s abilities in this domain
(Section 1.2.1) and outlines the cognitive mechanisms that have been proposed to underlie
children’s early developing turn-taking abilities (Section 1.2.2). Section 1.3 discusses
fundamental limitations in the current ecosystem of science (Section 1.3.1) and outlines how
cumulative science practices can help us shed new insights on the generalisability and boundary
conditions of scientific topics of study (Section 1.3.2). Section 1.4 provides a short overview of
the aims of each of the studies and contextualises what they can tell us about early child-caregiver
interactions.

Section 2 contains the three journal articles: a meta-analysis of the acoustic features of IDS
(Section 2.1), an acoustic analysis of Danish IDS and ADS (Section 2.2), and a Bayesian meta-
analysis of turn-taking development in child-caregiver vocal interactions (Section 2.3).

Section 3 contextualises the findings from the studies. Section 3.1 outlines a framework
that considers behavioural adaptations in child-caregiver interactions as emergent products of
contributions from ontogeny, cross-cultural norms and biophysical constraints. Section 3.2 argues
for why this work adds to our knowledge about behavioural adaptations in early ontogeny (Section
3.2.1), across cultures (Section 3.2.2) and in biology (Section 3.2.3). Section 3.3 uses these
insights to point to future directions and argues for a greater focus on turn-by-turn adaptations
(Section 3.3.1), incorporation of individual differences (Section 3.3.2), theory-driven cross-
cultural studies (Section 3.3.3), methodological cross-pollination from non-human investigations

(Section 3.3.4), as well as cumulative science and theory development (Section 3.3.5).
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1.1 IDS Acoustics and Use Across Languages and

Cultures

In a typical ‘peek-a-boo’ scenario, we might expect the caregiver to modify the acoustics of their
speech to the child. Scientific studies of IDS have noted marked differences from ADS across
many different languages for multiple linguistic variables (Ferguson, 1964; Golinkoff et al., 2015;
Saint-Georges et al., 2013; Snow, 1977a). In this section, I provide an overview of the acoustic
features and causal pathways of IDS (Section 1.1.1) as well as discuss the diversity in infants’
linguistic input across cultures (Section 1.1.2), with a view to shedding light on how the
biophysical origins of IDS and cultural variation shape its features during child-caregiver

interactions (Section 1.1.3).

1.1.1 The Features & Causal Pathways of IDS

The investigation of cross-linguistic differences in the acoustics of IDS is of theoretical relevance
and intimately connected with our understanding of the purpose of this particular speech style
(Pye, 1986; Ratner & Pye, 1984; Ingram, 1995). The commonalities that have emerged across a
wide variety of languages and cultures can be usefully divided into two distinct groups. Compared
to ADS, IDS exhibits 1) distinct prosodic features in the form of a higher fundamental frequency
(fo), a greater degree of f, variability, a slower speech rate, and phrasal lengthening (Cristia &
Seidl, 2014; Hilton et al., 2022; Martin et al., 2015), and i1) unique segmental properties, in the
form of longer and acoustically exaggerated discrete segments, such as consonants and vowels

(Burnham et al., 2002; Cristia, 2010; Cristia & Seidl, 2014; Kalashnikova & Burnham, 2018; Kuhl
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et al.,, 1997; Lovcevic et al., 2020; Miyazawa et al., 2017). The tendency for caregivers to
exaggerate the pitch of their IDS and slow down their speech rate finds a prosodic equivalent in
sign language where caregivers’ infant-directed gestures are slower and larger in scale (Masataka,
1992, 1995; Novack et al., 2021; Reilly & Bellugi, 1996). There is some cross-linguistic variability
in the prosodic features of IDS, but this mainly revolves around the extent of prosodic modulation;
for example, caregivers speaking British English IDS exhibit a relatively lower pitch than those
speaking American English IDS (Fernald et al., 1989; Floccia et al., 2016; Shute & Wheldall,
1999), and caregivers speaking Korean or Tagalog produce greater prosodic differences between
IDS and ADS compared to those speaking Tamil (Narayan & McDermott, 2016). Very few studies
show no modulations in pitch or articulation rate, and if they do so, these studies stand in contrast
with other studies on the same languages (Bohn, 2013; Dideriksen & Fusaroli, 2018; Narayan &
McDermott, 2016).

Some of the prosodic properties of IDS exhibit dynamic changes according to infant age,
which may reflect the social contingency of caregiver vocalisations; for example, many
longitudinal studies on fy show that caregivers reduce the differences in vocal pitch between IDS
and ADS during early development (Amano et al., 2006; Gergely et al., 2017; Niwano & Sugai,
2002; Stern et al., 1983), and a number of studies of articulation rate show that caregivers increase
their articulation rate as the child grows older during early infancy, perhaps with a view to adapting
to infants’ developing abilities in processing speech (Kondaurova et al., 2013; Lee et al., 2014;
Raneri, 2015).

The segmental properties of IDS also differ from that of ADS. This applies to both
consonants and vowels; however, compared to vocalic differences, there are fewer studies on

consonantal modifications in IDS compared to ADS (Cristia, 2010; Englund, 2005; Lee & Davis,
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2010; Sundberg & Lacerda, 1999). At the heart of investigations into segmental differences
between ADS and IDS lies the measure of vowel space area (Burnham et al., 2002; Cristia & Seidl,
2014; Englund, 2018; Kalashnikova et al., 2017; Kalashnikova & Burnham, 2018; Kuhl et al.,
1997; Martin et al., 2015). This measure is traditionally operationalised as the area in acoustic
space delineated by the average formant properties of the three ‘articulatory extremes’ — that is,
the /i/-/a/-/u/-vowels — although newer studies are starting to compute the area encompassed by all
of peripheral vowels (Marklund & Gustavsson, 2020; Rosslund et al., 2022). Adult speech
perception studies show a straightforward relation between vowel space expansion and speech
intelligibility (Ferguson & Kewley-Port, 2002, 2007; Bradlow et al., 1996; Whitfield & Mehta,
2019; Lam et al., 2012; Liu et al., 2005; Whitfield & Goberman, 2017). These studies argue that
vowel space expansion improves speech intelligibility by ensuring distinguishable acoustic
differences between vowels (Bradlow et al., 1996). Vowel space expansion has also been found in
other speech registers that require intelligible speech, such as Lombard speech (i.e., speech in
noise) (Castellanos et al., 1996; Tang et al., 2017) and foreigner-directed speech (Lorge & Katsos,
2019; Piazza et al., 2022; Uther et al., 2007). Pet-directed speech, on the other hand, which
primarily serves an emotional function, does not usually exhibit vowel space expansion (Burnham
et al., 2002), unless the pet has some perceived linguistic potential, such as a parrot (Xu et al.,
2013) — although new evidence also indicates vowel space expansion for puppy-directed speech
(Panneton et al., 2023). Vowel space expansion in IDS compared to ADS is highlighted as a robust
feature of IDS in many languages, such as Japanese, Swedish, Russian and a number of English
varieties (Cristia & Seidl, 2014; Kalashnikova et al., 2017; Kuhl et al., 1997). However, this pattern
does not generalise across all languages, with languages such as Dutch, Cantonese Chinese,

Norwegian and Danish showing vowel space reduction or no differences between IDS compared

17



to ADS (Benders, 2013; Englund & Behne, 2005; Rattanasone et al., 2013; Rosslund et al., 2022).
The majority of studies find no clear shifts in the extent of vowel space expansion in IDS during
early development, and those studies that do indicate developmental changes disagree on the
direction of the shift (Dodane & Al-Tamimi, 2007; Rattanasone et al., 2013).

The developmental relevance of IDS is well illustrated by its ability to attract infant
attention; decades of research have investigated how infants respond to this distinctive style of
speech and found that infants prefer to listen to IDS over ADS from a young age (Cooper & Aslin,
1990; Fernald & Kuhl, 1987; Pegg et al., 1992; Werker & McLeod, 1989; Zettersten, Cox, et al.,
2023), even when IDS is presented in a foreign language (Byers-Heinlein et al., 2021; ManyBabies
Consortium, 2020) or filtered to contain only prosodic information (Fernald & Kuhl, 1987). The
attention-grabbing property of IDS goes hand in hand with studies showing its clear benefits to
developmental outcomes; for example, IDS facilitates more effective neural tracking of speech
material (Garcia-Sierra et al., 2021; Kalashnikova & Burnham, 2018; Peter et al., 2016), better
word segmentation abilities (Song et al., 2010; Thiessen et al., 2005; Zangl & Mills, 2007),
improved discrimination between speech sounds (Kalashnikova & Carreiras, 2022; Trainor &
Desjardins, 2002), and increased capacity to map novel words to their referents (Graf Estes &
Hurley, 2013; Ma et al., 2011). A greater quantity of IDS also correlates with later expressive
vocabulary (Hartman et al., 2017; Kalashnikova & Burnham, 2018; Porritt et al., 2014; Rosslund
et al., 2022; Spinelli et al., 2017) and the complexity of vocalisations later in development
(Marklund et al., 2021).

Many potential causal pathways of how IDS facilitates these developmental benefits have
been proposed in theories of infant development. For example, IDS pitch and intonation may

encourage and facilitate social interaction, helping language development through attention
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mechanisms (Gratier & Devouche, 2017; Saint-Georges et al., 2013). Or perhaps the
developmental benefits of IDS may derive from the tendency for prosody to highlight certain
linguistic information or pragmatic information (Bortfeld & Morgan, 2010; Ludusan et al., 2016;
Soderstrom et al., 2008). Or maybe IDS prosody serves primarily to elevate emotional expression
and regulate emotions, which then produces downstream effects on social cognition and language
development (Trainor et al., 2000; Benders, 2013; Corbeil et al., 2013). Or maybe vowel space
expansion in IDS creates a clearer speech signal that allows infants to distinguish between vowels
and consonants in the speech stream more efficiently (Hartman et al., 2017; Kuhl et al., 1997; Liu
et al.,, 2003). Or perhaps the slower rhythms of IDS may allow infants to participate in the
interactive process more by giving them more time to respond (Ferjan Ramirez, 2022; Ferjan
Ramirez et al., 2020). Some theories suggest that the function of IDS changes over during early
development and adapts to infants’ variable needs at different ages. IDS may thus initially serve
primarily to draw infants’ attention, modulate their temperament and express emotions, and later
serve more specific linguistic and non-linguistic purposes (Eaves et al., 2016; Fernald, 1989; Peter
etal., 2016; Snow, 1977b, 1977a).

The finding of vowel space expansion in some languages has played a large role in debates
about the functions of IDS. Given its association with speech intelligibility in other speech styles,
IDS is claimed to clarify the speech signal to aid infants’ speech processing and language
development (Hartman et al., 2017; Kuhl et al., 1997; Liu et al., 2003). However, fundamental
limitations to vowel space measures as proxies for speech clarity requires hedging of these strong
claims. One of these limitations is that studies often disregard the crucial assumption that an
expansion in vowel space alone does not necessarily result in improved speech clarity. Some

languages, for example, show vowel space expansion in combination with a higher degree of
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within-vowel variability (Martin et al., 2015; McMurray et al., 2013; Miyazawa et al., 2017;
Rosslund et al., 2022). This in turn can result in /ess intelligible speech and make the task of
learning sound categories harder (Benders, 2013; Cristia & Seidl, 2014; Miyazawa et al., 2017;
Rosslund et al., 2022; Martin et al., 2015). In our analysis of Danish IDS in Study II, we
problematise the use of vowel space measures to make claims about the clarity and overlap of
phonetic categories — and in turn, argue for the necessity of computing both within-vowel
variability and between-vowel discriminability for accurate assessment (cf., Ludusan et al., 2021).

Another limitation of vowel space measures is that most of the studies on speech
intelligibility and foreigner-directed speech have been conducted on a small subset of languages
largely composed of English varieties (Whitfield & Goberman, 2014, 2017), and it remains unclear
whether different phonological structures require different strategies of clarification (Benders,
2013; Englund, 2018; Rattanasone et al., 2013). In a vowel-rich language such as Danish (Basbgll,
2005; Grennum, 1998), vowel space expansion may not be a viable strategy to increase perceptual
differences among vowel categories due to the high number of vowel categories in the front part
of the vowel space. In a language such as Danish, then, speech clarity may to a greater extent rely
on features of articulation rate and speech segment durations, as shown in some adult perception
experiments for other languages (Ferguson & Kewley-Port, 2007; Lam & Tjaden, 2013; Searl &
Evitts, 2013). The jury is also still out on whether vowel space expansion in IDS is the consequence
of a slower articulation rate and therefore being able to reach articulatory targets (Whitfield &
Goberman, 2014, 2017), or whether it is produced as an unintended side effect of other variables,
such as larynx raising (Kalashnikova et al., 2017), smiling (Englund, 2018), positive valence

(Panneton et al., 2023), or elevated and variable pitch in the speech signal (McMurray et al., 2013).
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What is common to all of the causal pathways reviewed here is the notion that these
dynamic adaptations emerge from the social contingency of communicative signals and the need
to accommodate the immaturity of the developing infant in the interactive process. Findings of
acoustic changes in IDS features that suit infants’ preferences (Kitamura & Burnham, 1998; Singh
et al., 2002) and processing limitations (Christiansen & Chater, 2016; Saffran & Kirkham, 2018)
suggest that active participation from both interactants play a crucial role in the developmental
process (Goldstein & Schwade, 2008; Ko et al., 2016; Ritwika et al., 2020; Warlaumont et al.,
2014). IDS holds a special status in early child development and depends crucially on caregivers’
dynamic adaptation to the developmental states of their immature addressee (Fusaroli et al., 2019;
Smith & Trainor, 2008). Disentangling the precise causal pathways through which IDS benefits
child development is a difficult task due to the one-to-many relationships between individual

acoustic features and their functions, as discussed further in Section 3.3.2.

1.1.2 The Diversity of Language Input across Cultures

The importance of social contingency in child-caregiver interactions also implies that the cultural
context of the interaction matters; local and situated interactional dynamics to a great extent rely
on non-local and trans-situational cultural routines and norms (Eliasoph & Lichterman, 2003;
Fusaroli & Tylén, 2016; Steffensen & Pedersen, 2014; Tylén et al., 2010, 2013). This section
considers the diversity of culture-specific types of child-caregiver interactions, with a view to
gaining a fuller picture of the ways that the dynamics of the interaction can shape its speech

content.
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The sampling bias in social and developmental research (Christiansen et al., 2022; Kidd et
al., 2023; Kidd & Garcia, 2022b, 2022c¢) applies no less in the context of IDS (Ochs & Schieffelin,
1984). Oversampling from particular populations severely constrains our understanding of the
global variability in IDS features — and this in turn limits our ability to construct deeper theories
about the features, functions and use of IDS across different cultures (Ingram, 1995; Pye, 1986;
Ratner & Pye, 1984). More specifically, sampling from a narrow intersection of Western,
Educated, Industrialised, Rich, and Democratic (WEIRD) cultures with specific child-rearing
practices and child-caregiver interactive dynamics means that generalisations to other populations
is not obvious (Nielsen et al., 2017). The research literature thus risks overestimating the
importance of IDS in linguistic and cognitive development (Casillas et al., 2020; Cristia, 2023;
Ingram, 1995; Ochs & Schieffelin, 1984). With these biases in mind, we can ask whether the nature
and use of IDS differ across and within cultures, with a view to better understanding the diversity
of language inputs that children experience during development.

A straightforward comparison of the quantity of IDS shows that the amount of input varies
enormously both within and across cultures (Casillas et al., 2020; Cristia, 2023; Hart & Risley,
1992). One cultural factor is socioeconomic status, which should be construed as a heterogenous
umbrella term that is composed of a set of correlated factors, such as income, parental formal
education, and living situation (Pace et al., 2017; Schwab & Lew-Williams, 2016). Children
growing up in North American households with a lower socio-economic status hear less IDS than
children growing up in households with a higher socio-economic status (Dailey & Bergelson,
2022; Hart & Risley, 1992), and individual differences in language processing among Californian
children aged 18-24 months from low socio-economic status background correlates with infant-

directed input quantity (Weisleder & Fernald, 2013). Another axis of substantial variability in
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quantity involves that between urban and rural cultures; for example, the number of infant-directed
utterances to 14-month-old children in urban communities of Mozambique is 5.7 times higher than
those in rural communities (Vogt & Mastin, 2013), and there is an 11-fold difference in the quantity
of input that children growing up in Chicago compared to a Yucatec Mayan village (Shneidman
& Goldin-Meadow, 2012). Tsimane forager-horticulturalist cultures also spend less than one
minute per daylight hour talking to children younger than four years (Cristia et al., 2019).

A substantial difference across cultures also involves who interacts with children and the
extent to which other children function as caregivers (Weisner et al., 1977); for example, in many
cultures, the number of vocalisations spoken by other children can be substantially higher than that
of adult caregivers. This pattern has been found for a Yucatec Mayan village (Shneidman &
Goldin-Meadow, 2012) as well as the indigenous Australian community of Yakanarra (Loakes et
al., 2013). Adult caregivers have also been described as minor sources of language input for
Samoan, Luo and Koya children (Snow & Ferguson, 1977) and to comprise a low proportion of
the interactions experienced by Kenyan Kipsigis families (Harkness & Super, 2002). Comparisons
between participants in Mayan and US English child-caregiver interactions reveal striking
patterns; 40% of the total input heard by Mayan 13-month-old infants comes from adult caregivers
(versus 92% in North America), and 65% of IDS comes from other children in the Mayan culture
(versus 87% coming from primary caregivers in US English cultures) (Shneidman, 2010). Similar
patterns apply for the Lesotho culture in South Africa (Loukatou et al., 2022).

Cross-cultural differences in parental strategies also influence infants’ behaviour during
development. Infants exhibit systematic variation in the amount of vocalisations and pointing they
produce across different socioeconomic (Rowe & Goldin-Meadow, 2009; Warlaumont et al.,

2014) and cultural groups (Salomo & Liszkowski, 2013). This pattern implies that cross-cultural
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differences in interaction dynamics change the shape of caregivers’ accommodations to the needs
of infants, and in turn, infants’ interactive behaviour in response to caregivers’ speech (Goldstein
& Schwade, 2008; Ritwika et al., 2020; Warlaumont et al., 2014). This speaks in favour of the
importance of interactional dynamics in shaping this speech style; parental input provides
affordances for infants to start to produce more frequent babbling patterns and non-verbal
communicative signals, such as pointing (Wu & Gros-Louis, 2015 and verbal vocalisations
(Goldstein & Schwade, 2008; Gros-Louis, 2006; Warlaumont et al., 2014).

The substantial cross-cultural diversity in language input implies that there are many paths
to language acquisition. This is further supported by observations that language development
usually occurs at around the same age worldwide; for example, children acquire Inuktitut at ages
comparable to middle-class North American children (Crago & Allen, 1997), and children learning
Tseltal Mayan produce their first words at the same age as English-learning children (Bergelson
et al., 2019; Casillas et al., 2020). These patterns may admit a crucial role for overheard speech in
the developmental process, either directed to other adults or to other children (Loukatou et al.,
2022). However, these patterns also provide an argument for stronger consideration that input
quality in its full range of dimensions plays an important role over and above the role of quantity.
Evidence from diverse societies suggests that in spite of its low prevalence in some cultures, dyadic
adult-child conversations still promote lexical development more effectively than overheard
speech (Shneidman, 2010; Shneidman et al., 2013; Weisleder & Fernald, 2013). By mainly
focusing on the dimension of speech in the developmental process, we risk neglecting other rich
social inputs, such as touch, gesture, emotion and action (Kosie & Lew-Williams, 2023; Schatz et
al., 2022), which may also serve to scaffold the limited amounts of verbal language that infants

receive from their caregivers.
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The different structures of child-caregiver interactions reviewed above highlight the
importance of viewing different cultural norms as adaptations to socio-historical contexts
(Eliasoph & Lichterman, 2003; Steffensen & Pedersen, 2014; Tylén et al., 2010). For example,
cultural adaptation to the environment (e.g., whether a hunting-gathering, urban-industrial or
agrarian community) demands different parental strategies, and in turn shapes the speech content
and temporal structure of child-caregiver interactions. Cultural differences in the amount of
language socialisation a child is expected to be involved in can lead to caregivers dedicating
varying amounts of time to engage children in activities like reading books, playing peek-a-boo,
or other cognitive tasks (Bornstein & Putnick, 2012). The question of diversity in infants’ early
language experiences is key to developing theories about the role of IDS in the process of early
infant development. Cross-cultural variability in the structures of child-caregiver interactions
implies that the way that IDS is constructed and used is at least partially learned and culturally
transmitted (Eliasoph & Lichterman, 2003; Steffensen & Pedersen, 2014;), as further explored in

the next section Section 1.1.3 and Section 3.1.

1.1.3 The Biophysical Origins of IDS & IDS as a

Cultural Construct

The commonalities in the acoustic features of IDS across so many different languages beg the
question of why caregivers would opt to modify their speech in such similar ways. Why do
caregivers tend to speak in a higher pitch rather than a lower pitch when interacting with their
infants? And why do caregivers naturally speak with more melody instead of speaking with /ess

melody in their voice? These seem like trivial questions to address, but their triviality may derive
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from the features of IDS being shaped by a fundamental and general property of communicative
signals (Bryant, 2022; Bryant & Barrett, 2007; Pisanski et al., 2022).

The forms of many types of vocal signals are shaped by their communicative functions
(Bryant, 2022; Bryant & Barrett, 2007). The loud and noisy features of alarm calls may serve the
function of attracting receivers’ attention (Blumstein & Récapet, 2009; Owren & Rendall, 2001),
and the abrupt features of prohibitives may serve to interrupt unwanted behaviour and redirect
attention (Bryant, 2020, 2022). The unpleasant sound qualities of infant crying may likewise be
shaped by the need to generate certain caregiver behaviours (Lingle et al., 2012; Parsons et al.,
2012; Soltis, 2004; Vermillet et al., 2022), and these acoustic properties extend to distress calls in
non-human species (Lingle & Riede, 2014). Similarly, the slow pitch intonations and metrical
speech rhythms of infant-directed song and lullabies can soothe infants and establish emotional
communion (Bryant & Barrett, 2007; Fernald, 1992; Hilton et al., 2022).

If the forms of IDS are shaped by their functions and if IDS serves similar functions across
cultures, then we would expect IDS to exhibit clear acoustic regularities across languages. One of
the most robust acoustic properties of IDS across cultures is a higher and more variable fo. In non-
human animals, a higher pitch in the signal denotes approachability and benignity in close contact
calls and stands in stark contrast to the low-pitched and rougher sounds of aggression signals
(Bryant, 2022; Pisanski et al., 2022). IDS prosody has been shown to be indistinguishable from
the prosody of happy speech (Singh et al., 2002) and bears similarity with other affective speech
registers like lovers’ speech (Bombar & Littig Jr, 1996), infant-directed songs and lullabies (Hilton
et al., 2022), and pet-directed speech (Burnham et al., 2002; Panneton et al., 2023; Xu et al., 2013).
There is evidence that vowel space expansion may play a similar role to a higher pitch in this

context. A detailed articulatory and acoustic study has found that vowel space expansion is likely
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a side effect of larynx raising (Kalashnikova et al., 2017), which shortens the vocal tract and raises
the first and second formants of vowels (Barthel & Quené, 2015; Tartter, 1980). This allows
speakers to sound smaller and convey friendliness and approachability (Ohala, 1980; Xu &
Chuenwattanapranithi, 2007).

Because parental attention is a key resource for helpless infants to survive, infants are likely
particularly interested in and reassured by speech with features suggesting that attention is directed
toward them (Fernald, 1992). This implies that the melody is the message in child-caregiver
interactions (Fernald, 1989); that is, the melodic nature and affective qualities of IDS function to
signal approachability and to convey to infants that an adult is nearby, attending to them and
keeping them safe (Fernald, 1989; Papousek et al., 1991; Trainor et al., 2000). Caregivers’ use of
prosodic speech patterns in early development may thus primarily revolve around conveying a
non-threatening demeanour, expressing positive emotional valence and grabbing infant attention
(Kalashnikova et al., 2017). I discuss the biophysical properties underlying these behavioural
adaptations further in Section 3.2.3.

The acoustic commonalities of IDS that we see across languages and cultures strongly
imply a biophysical basis for this speech style; however, cross-cultural variation in its use and
features implies that there are strong cultural constraints to keep in mind as well. There are
normative pressures that guide caregivers’ behaviour across cultures when it comes to IDS, as
shown by the substantial variability in its prevalence across different cultures (Cristia, 2023) and
clear links between parenting attitudes and certain interaction patterns (Johnston & Wong, 2002;
Rowe, 2008). The influence of cultural norms on the nature of child-caregiver interactions imply
that certain components of IDS are shaped by culture-specific constraints and affordances, as

explored further in Section 3.1. Due to the sampling bias of languages and cultures in the literature
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(Kidd et al., 2023; Kidd & Garcia, 2022a), there are crucial limitations in our knowledge of how
IDS features change with different constellations of cultural variables. For example, cross-cultural
variation in the value attached to verbal skills and educational achievement may produce
differences in terms of the acoustic features of caregivers’ IDS. Our theories need to accommodate

cross-cultural variation in IDS acoustics as distinct adaptive design features that can result in

differences across culture and context (Kidd et al., 2023; Ochs & Schieffelin, 1984).

Interim Conclusion

The acoustic features of IDS thus seem to be rooted firmly in biophysical considerations while
also being influenced by cross-cultural differences in the dynamics of child-caregiver interactions.
However, several unanswered questions about IDS emerge from this overview of the literature. To
what extent do different acoustic features exhibit cross-linguistic variability? Do caregivers adapt
the properties of their speech to infants’ changing developmental needs during early development?
To what extent do experimental designs and recording settings introduce biases in the results? We
approach these questions in our meta-analysis of the acoustic features of IDS (Study I) and use
insights and estimates from this meta-analysis to guide our own acoustic study of Danish IDS
(Study II). In the remaining two sections, I provide a brief overview of the interactional structures
that occur alongside IDS in the form of turn-taking (Section 1.2) and discuss how cumulative

science can help us in the investigation of developmental phenomena (Section 1.3).

1.2 Turn-Taking as Interactional Infrastructure

Turn-taking is a form of interpersonal coordination that typically involves interactants avoiding

overlaps and minimising the pauses between turns (Sacks, 1974). Turn-taking thus requires
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interactants to facilitate an efficient exchange of information by adapting their responses to each
other (Levinson, 2006; Levinson, 2016). To engage in vocal communication with caregivers,
young children have to adapt and respond to caregivers’ cues in real time (Potter & Lew-Williams,
2019; Warlaumont et al., 2014). This complex dance of each interactant adapting their vocal
responses to the other involves reciprocal behaviours that characterise many early child-caregiver
interactions and require an elaborate set of communicative skills. In this section, I consider how
infants’ turn-taking abilities develop during early infancy (Section 1.2.1) and what the beginnings
of this complex set of skills can reveal about mechanisms and models of turn-taking (Section

1.2.2).

1.2.1 Temporal Structure of Child-Caregiver Vocal

Interactions

Turn-taking and language go hand in hand for adults, but long before children start to produce and
understand words, they engage in reciprocal vocal communication with their caregivers. These
exchanges exhibit strikingly similar timing structures to later verbal conversations (Hilbrink, 2015;
Levinson, 2016) and are sometimes referred to as ‘proto-conversations’ (Gratier et al., 2015;
Levinson, 2006). The modal response latencies of interactants in a typical adult conversation tend
to be short, approximately 200 ms, which is at the absolute limits of human reaction time and too
rapid to rely on planning and production in real time (Aron & Poldrack, 2006; Dingemanse &
Liesenfeld, 2022; Stivers, 2009). People must therefore proactively prepare their contingent

responses, detect when the likely endpoint of the other interactant’s turn is, decide when to deliver
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their response, and predict how the other interactant will react (Magyari et al., 2014). To plan and
predict with such efficiency, adult conversational partners draw upon their linguistic, interpersonal
and world knowledge (Ford et al., 1996); for example, adults make predictions about the imminent
content of a turn and use these predictions to estimate its duration — greater predictability facilitates
more accurate timing estimations (Magyari et al., 2014, 2017; Magyari & De Ruiter, 2012).
Preschool children similarly produce shorter response gaps when they can predict the end of a
question (Lindsay et al., 2019). Inter-turn response times also have crucial social consequences;
for example, a shared tempo between interactants reduces cognitive load and fosters a sense of
connection and shared motivation (Dideriksen et al., 2020; Fusaroli et al., 2014, 2019; Fusaroli &
Tylén, 2016; Konvalinka et al., 2011; Templeton et al., 2022, 2023; Tylén et al., 2013, 2013).
How do young children balance this complex juggling act of coordinating their attention,
predicting turn ends and planning their responses, despite not knowing much about either language
or the world? One way to get closer to answering this question is to observe how children integrate
their burgeoning linguistic knowledge with their interactive skills. Infants’ response latencies in
early ontogeny are rapid and resemble adult response latencies before gradually slowing down at
around 9 months of age and then accelerating again later (Gratier et al., 2015; Hilbrink, 2015).
This nonlinear, parabolic trajectory of development may reflect the integration of infants’ growing
understanding and production of verbal content with their largely independent initial interactional
abilities (Levinson, 2016). There is some coarse-grained evidence of bidirectional feedback
between language development and the number of conversational turns initiated by both children
and caregivers (Donnelly & Kidd, 2021; Gilkerson et al., 2018; Romeo et al., 2018), suggesting
that more conversation begets greater levels of language knowledge, and vice versa. However, the

upper bound of the influence of the parallel development of linguistic and interactional skills is
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unclear; older children between one and three years of age often struggle with conversational turns
and frequently initiate them too late (Ervin-Tripp, 1982; Garvey & Berninger, 1981).
Conversations with toddlers also exhibit frequent delays and non-contingent responses; however,
these conversations tend to flow smoothly due to caregivers learning to adapt to the turn-taking
behaviours of their young conversational partners (Dunn & Shatz, 1989; Ervin-Tripp, 1982).
Turn-taking in early ontogeny can thus be construed as a rapidly developing ecological
niche of reciprocal interaction, which sows the seeds for infants to learn how to add linguistic
meaning to their communicative repertoire over time (Donnelly & Kidd, 2021). The notion that
interactional and linguistic skills develop in parallel matters for theories of language learning. For
instance, when children produce preverbal vocalisations that bear a closer resemblance to
language, their caregivers tend to respond more quickly — and in turn, quicker caregiver responses
are linked to the emergence of language-like vocalisations in children, creating a social feedback
loop (Lopez et al., 2020; Warlaumont et al., 2014). The verbal content of children’s vocalisations
can also elicit specific parental interactive behaviours; when 6-10-month-old infants produce
consonant-vowel patterns, caregivers are more likely to respond with imitation or expansion,
compared to situations where infants produce vowel-only patterns and caregivers tend to engage
in more playful vocalisations (Gros-Louis, 2006). Other studies have expanded on this idea,
revealing that parents take both the meaning and the sounds of what infants produce into account
and respond with vocalisations and timings that suit infants’ developing interests and skills
(Braarud & Stormark, 2008; Elmlinger et al., 2019, 2023; Goldstein & Schwade, 2008; Gros-
Louis, 2006, 2014; Miller et al., 2018; Smith & Trainor, 2008). Any sense of directionality between
child and caregiver in the interactive process remains unclear because the timing and sounds of

infants’ vocalisations also display contingency with caregiver vocalisations (Hilbrink, 2015; Laing
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& Bergelson, 2020). It should also be noted that the interactive component of infant vocal
development is not the only factor at play; there is also a strongly endogenous and independent
nature to early child vocalisations (Vihman, 2014, 2017), as shown by evidence of infants
exhibiting a consistent rate of vocalisation regardless of whether they are alone or have adults
nearby (Oller, Caskey, et al., 2019; Oller, Griebel, et al., 2019). These findings are not at odds with
the reciprocal nature of early vocal exchanges in child-caregiver interactions, but rather highlight
that infants’ vocal development is also led by their internal motivation to explore speech sounds
and to align what they can produce with what they perceive through interactions with their
caregivers (Cox et al., 2020). These findings indicate that social interaction provides the locus for
children’s linguistic input, and that language is crucial for children’s daily interactions (Lopez et
al., 2020; Warlaumont et al., 2014).

The back-and-forth dynamics of early vocal exchanges can straightforwardly be extended
to other dimensions and contexts of child-caregiver interaction. These co-produced structures can
also appear, for example, when a child stacks cups to make a tower, and the caregiver stacks
another set of cups to make a tower, and the actions are repeated. In these back-and-forth
interactions, each interactant creates social affordances for the other to respond without necessarily
relying on prompts from the interlocutor (Schertz et al., 2018). At the heart of turn-taking lies
mutual interaction with the aim of sharing social interest (Harrist & Waugh, 2002; Schertz et al.,
2018, 2023).

The interactive dynamics of turn-taking highlight that consideration of the content of IDS
without the interactional structures alongside it severely limits our understanding. Directing
language to infants in the form of IDS only represents one component of a complex interactive

speech style that also involves providing social feedback and encouraging children to initiate and
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play an active role in interactive context (Ferjan Ramirez et al., 2020). Children’s motivation to
interact over and above the capacity to generate linguistic meaning reflects how central human
interactional capacities are to language development (Bruner, 1974; Donnelly & Kidd, 2021;
Goldstein & Schwade, 2008; Levinson, 2006; Smith & Trainor, 2008; Weisleder & Fernald, 2013).
The social nature of early language development provokes questions about the nature of the

underlying mechanisms of turn-taking, which I explore further in Section 1.2.2.

1.2.2 Cognitive Mechanisms & Models of Turn-Taking

The parallel development of turn-taking and language has provoked discussions about what sort
of mechanisms are involved in this interactive skill. Because turn-taking develops early in
ontogeny (Hilbrink et al., 2015), exhibits similar structures across languages (Stivers, 2009) and
modalities (de Vos et al., 2015; Horton & Singleton, 2022), and has deep evolutionary roots
(Levinson, 2006), these intricate timing structures may reflect a fundamental interactional
infrastructure dating back to phylogeny prior to language (Levinson, 2016). Turn-taking has been
argued to be part of and only party derivable from a package of fundamental capacities that enable
human social behaviour, such as intention attribution, recipient design, social motivation,
cooperative behaviour, multimodal integration, temporal sensitivities, and so forth (Levinson,
2006). This package of interactional abilities has been dubbed the Interaction Engine (Levinson,
2006; Levinson, 2016). These interactional abilities provide the foundations for language and place
fundamental constraints on its characteristics. A substantial part of developing language is to learn
to process and plan speech within the strict timing pressures of conversation (Christiansen &

Chater, 2016). According to this theory, the slowdown in the timing of infants’ turns at around one
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year of age — at the beginnings of sociocognitive (Tomasello, 1999) and verbal development
(Bergelson & Swingley, 2018; Cychosz et al., 2021; Vihman, 2017) — reflects the pressure of
coordinating several new cognitive processes within the strict timing structures of conversation;
that is, infants’ coordination of their existing interactional skills with their developing linguistic
ones (Levinson, 2016). The Interaction Engine theory remains fairly underspecified with respect
to the developmental trajectories that we might expect to see during early infancy and the
respective contributions of individual differences in linguistic and social skills (Fusaroli et al.,
2019; Warlaumont et al., 2014). In the meta-analysis on turn-taking in Study III, we investigated
the influence of key moderators to attempt to gain more information about the potential cognitive
mechanisms underlying children’s turn-taking abilities, although the theory requires greater degree
of specification, as argued further in Section 3.3.

Whereas the Interaction Engine focuses on the underlying cognitive mechanisms required
for turn-taking, computational modelling approaches provide a different perspective and attempt
to capture the temporal structures that emerge from an interactant mutually adapting their timing
to that of another interactant (Greenfield, 1994; Ravignani & de Reus, 2019; Takahashi, 2013).
These models often draw inspiration from the concept of coupled oscillator dynamics, where
individuals possess internal oscillators that become synchronised through the coordination of
response times. For instance, the Coupled Oscillators Model (Wilson, 2005) suggests that
conversational partners synchronise their vocalisations by establishing a shared tempo, ensuring
that response times align with multiples of this shared tempo. This simplifies the task of when to
begin a turn because specific timing intervals are preferred, reducing the likelihood of
simultaneous speech. While the applicability of this model to human conversations has received

little support (O’Dell, 2012), it finds some support in studies of animal turn-taking behaviour
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(Takahashi, 2013). In Section 3.3.4, I argue that turn-taking research in humans can benefit from
exploring the space of potential turn-taking structures by investigating non-human animal turn-
taking in a shared computational framework (Cox, Templeton & Fusaroli, 2023; Verga et al.,

2023).

Interim Conclusion

Infants’ development of turn-taking skills aligns with developmental theories that construe
language development as embedded within temporally contingent social interaction (Bolis &
Schillbach, 2020; Vygotsky, 1978; Tomasello, 1999). A better overview of the developmental
trajectories of turn-taking during early development would offer a more complete understanding
of the underlying skills and cognitive mechanisms required. To map out research on developmental
trajectories of child turn-taking and to provide recommendations for future investigations, we

conducted a meta-analysis of child response latencies in Study III (Section 2.3).

1.3 Going Beyond Individual Studies

An idealistic portrayal of science would describe it as a collaborative and cumulative endeavour
of iterative theory development that strives to establish regularities across different populations,
conditions and contexts while recognising the limits of its own generalisations. Study-specific
results in such a cumulative science play a processual and instrumental role in building better
models and arriving at better explanations (Buzbas et al., 2023; Devezer et al., 2019; Devezer &
Buzbas, 2023). In practice, however, scientists often construe the process of science as being
concerned with establishing facts (Marks, 2009). This facts-focused approach to science inflates

the contribution of individual studies to epistemic gain and underlies a number of problematic
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patterns in scientific culture and practice (Devezer et al., 2019; Devezer & Buzbas, 2023; Smaldino
& McElreath, 2016; Yarkoni, 2022; Yarkoni & Westfall, 2017). These are important
considerations to keep in mind when integrating empirical data into existing bodies of scientific
knowledge through systematic meta-analyses, as is done in this dissertation. This section argues
for the crucial importance of adopting cumulative science practices in the scientific process to
ensure iterative and methodical development of theories over time. The first section outlines the
current ecosystem of science and describes why theory development requires moving beyond
reliance on individual studies (Section 1.3.1). The second section highlights how we can improve
and evaluate the generalisability of phenomena by pooling results from individual studies via meta-

analyses and Bayesian posterior passing (Section 1.3.2).

1.3.1 The Current Ecosystem of Science & Limitations

of Individual Studies

Cumulative science fosters the continuous development of scientific understanding by
systematically incorporating new research findings into an existing body of knowledge and
improving our capacity to explain regularities (Koile & Cristia, 2021; Fusaroli et al., 2022;
Ledgerwood, 2014). Theories play a key role in this process; they capture observed patterns and
generate new predictions, providing explanatory power by isolating the causes and uncovering the
mechanisms generating empirical regularities (Craver, 2009, 2014; Rohrer, 2018). Individual
studies in this iterative process occupy patterns localised to one specific place in the

methodological landscape, and therefore remain uninformed as to the generalisability of the result
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to other regions of the space with different dimensions, such as different experimental designs or
sample characteristics (Machery, 2020; Yarkoni, 2022). In isolation, then, a study can only tell us
so much, and one set of experimental results cannot be viewed as truth, nor can most experiments
produce incontrovertible answers or seminal findings (Brand et al., 2019; Devezer et al., 2019).
Rather, science rests on a process of epistemic iteration where successive stages of knowledge
build upon preceding ones. This iterative construal of science has important consequences for
inferential success and theory development. In the context of IDS research, for example,
investigators initially observed its widespread use across various cultures and languages and
hypothesised universality in its prevalence and acoustic features (Ferguson, 1964; Fernald, 1989).
However, as reviewed above, increasing amounts of studies have found exceedingly low quantities
of IDS in some cultures (Casillas et al., 2020; Cristia, 2023) and that language development
progresses regardless (Casillas et al., 2020; Crago & Allen, 1997). Our theory of IDS thus needs
to change to incorporate both the widespread acoustic features of IDS as a potential reflection of
biophysical biases, but also recognise the influence of culture on these variables and the limits of
generalisability as a result of bias in the field (Kidd et al., 2023; Kidd & Garcia, 2022a).

The specificity and unreliability of individual studies need to be recognised when we build
theories and explanations about developmental phenomena. A single study on IDS directed to
infants of a particular age in a given language and culture using a specific method and analysis to
extract insights about behaviour in a specific interactive task cannot on its own inform a research
question that extends to other contexts; rather, it is only through synthesis and iterative theory
development that insights can be extracted and contextualised. The problem of study specificity is
exacerbated by the ‘hidden universe of uncertainty’ of studies due to methodological and analytic

choices (Yarkoni, 2020). Substantial unexplained variability across studies stems from researchers
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deciding how to operationalise a variable, design stimuli, analyse data, et cetera ad infinitum.
Recent many-analyst studies where each research team tests the same hypothesis by analysing the
same dataset show almost as many different interpretations as research teams (Botvinik-Nezer et
al., 2020; Coretta et al., 2023; Silberzahn et al., 2018), although a large part of the variation in
results stems from different interpretations of unclear and underdetermined research questions
(Auspurg & Briiderl, 2021). The specificity of individual studies thus arises as a product of the
multiverse of specifications resulting from choices of experimental methodology, participant
samples, and data analysis pipelines. Neglecting these inherent study-specific sources of variability
contributes to the lack of generalisability to other dimensions in the methodological landscape
(Rocca & Yarkoni, 2021; Yarkoni, 2022).

Another reason for not being able to rely heavily on the results of a single study involves
the inflation of findings and spurious values as well as low replication rates (Yarkoni, 2022;
Ioannidis, 2005; Open Science Collaboration, 2015) as a result of questionable research practices
(John et al., 2012; Simmons et al., 2011), selection pressures (Smaldino & McElreath, 2016;
Francis, 2012), and misaligned incentives for scientific researchers (Brischoux & Angelier, 2015;
Smaldino & McElreath, 2016). Many of these problems result from the common but dangerous
tendency to construe statistics as an automatic way to turn data into incontrovertible conclusions
(Devezer & Buzbas, 2023). This is a dangerous tendency because a single scientific hypothesis
can receive support from many different statistical hypotheses and can therefore result in
unreasonable flexibility in both directions: that is, post hoc formation of scientific hypotheses to
fit the statistical analyses (Kerr, 1998; Leung, 2011) and biased selection of statistical analyses to

align with the scientific hypothesis (Gelman & Loken, 2013).
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Suggested paths of improvement involve restricting degrees of freedom in the data
collection and analysis process through preregistration (Nosek et al., 2018) or registered reports
(Chambers & Tzavella, 2022), and encouraging researchers to share open data (Morey et al., 2016;
Nosek & Bar-Anan, 2012) and code (Clyburne-Sherin et al., 2019; Hardwicke et al., 2018) to
facilitate verification of published results. However, these constraints have been argued to be
insufficient measures to cure the epistemic problems of our discipline in that these improvements
do not contribute to theory development (Szollosi et al., 2020; van Rooij & Baggio, 2020). There
is some support for this from recent studies into the efficacy of preregistration showing that this
procedure does not solve the problem of underdetermined hypotheses and unclear claims in both
preregistrations and published papers (Claesen et al., 2021; van den Akker et al., 2023).

The root of the replicability crisis may be better construed as a crisis of inference (Guest
& Martin, 2021; Rotello et al., 2015; Starns et al., 2019), which requires more conceptual and
theoretical work to ameliorate it (Buzbas et al., 2023; Devezer et al., 2019; Devezer & Buzbas,
2023; Smaldino, 2019; Smaldino, 2017; Smaldino et al., 2015; Szollosi et al., 2020). Explicit
theory development is a crucial component in a field like developmental psychology, where infant
behaviours are noisy and highly variable no matter the degree of experimental control (Cristia et
al., 2016; Schreiner et al., 2022). Replicability may thus be too tall of an order for infants to
conform to, and more effort should accordingly be dedicated to theory development (Smaldino,
2019; Yarkoni, 2022). Theory development involves specifying the link between a verbal
formulation and its quantitative operationalisation; that is, for a result to inform a verbal
formulation, the measure must be a proper operationalisation of the verbal formulation (Devezer
et al., 2019). If the mathematical expression is a poor operationalisation of the state of affairs of

the verbal hypothesis, then the results from the statistical cannot inform the verbal formulation
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(Devezer et al., 2019). If the connection between a conceptual construct and quantitative
operationalisation is underspecified, then we run the risk of ‘not even being wrong’ (Scheel, 2022).
An underspecified connection makes statistical results uninterpretable because it obscures which
observations count as evidence for or against the claim. This link can often be evaluated before
seeing data; for example, it is straightforward to evaluate the theoretical basis of a study showing
that a dead salmon exhibits neural activity in response to photographs (Bennett et al., 2009). In a
more realistic scenario, however, false discoveries based on poor or absent theory can be harder to

identify (Gigerenzer, 2004; loannidis, 2005; Smaldino & McElreath, 2016).

1.3.2 How to Create Cumulative and Generalisable

Science?

Science stands on the shoulders of — not giants — but normal human beings who are as susceptible
to confirmation and selection biases as everyone else. In light of the challenging circumstances
surrounding the ecosystem of science, how can we arrive at sound scientific explanations for
empirical regularities? A cumulative and collective construal of science would argue that
investigating regions of the methodological space in an exploratory and systematic way is crucial
for theory development (Koile & Cristia, 2021; Devezer et al., 2019). The self-reflective nature of
meta-science is useful for this exploratory purpose (Fusaroli et al., 2022). The accumulation of
results across methodological intersections of different studies can offer critical self-reflection on

the generalisability and limitations of our knowledge and offer data-driven suggestions of where
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to allocate resources for future research studies (Devezer & Buzbas, 2023; Zettersten, Cox, et al.,
2023).

The limitations of relying on single studies have motivated a push towards methods of
synthesising quantitative evidence in the form of meta- and mega-analyses (Koile & Cristia, 2021;
Liu & Almeida, 2023; Zettersten et al., 2023). To counter selection biases and obtain an objective
picture of a given field, there exist detailed procedures restricting researcher degrees of freedom
in the process (Moher et al., 2009; Page et al., 2021). Synthesising evidence from studies in a
cumulative approach offers insights to the generalisability and heterogeneity of the construct
across a wide variety of experimental designs, participants and stimuli (Cristia et al., 2022; Cruz
Blandén et al., 2023; Koile & Cristia, 2021; Tsuji et al., 2014). There are limitations to this process
of estimation across studies, such as issues in transparency and reproducibility (Lakens et al., 2016,
2017; Nuijten et al., 2020), considerable errors of extraction (Zettersten, Cox, et al., 2023),
reliance on published literature and concomitant bias (Moher et al., 2009; Page et al., 2021), as
well as substantial between-study heterogeneity threatening practical interpretation of results
(Mathur & VanderWeele, 2019). There are statistical approaches that attempt to correct for
publication bias and to account for heterogeneity; however, major concerns about the validity of
meta-analytic estimates remain (cf., Kvarven et al., 2020). These concerns primarily revolve
around the reliability of meta-analytic estimates rather than the synthesis of insights and
exploration of the sampling space of individual studies (Mathur & VanderWeele, 2020; Zettersten,
Cox, et al., 2023).

A related cumulative method that synthesises findings across multiple individual
experiments involves multi-lab replication studies. In such designs, multiple labs conduct

replications of original studies by implementing a common experimental protocol to test a research
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question across sites (ManyBabies Consortium, 2020). By varying experimenter identity and
increasing sample diversity, these large-scale studies contribute to a greater likelihood of
generalisability and precision (Byers-Heinlein et al., 2021; ManyBabies Consortium, 2020).
However, the high degree of uniformity in methodological and analytic implementation can lead
to less generalisability across other conditions than a meta-analysis.

In a recent study (Zettersten, Cox, et al., 2023), we attempted to reconcile the results from
a multi-lab replication study (ManyBabies Consortium, 2020) and a community-augmented meta-
analysis on infants’ preference to attend to IDS over ADS. The findings from each source
individually provided an incomplete picture of moderators of the IDS preference effect; for
example, the two studies differed with respect to their findings on the effect of infant age, with a
linear increase in the multi-lab replication study and a finding of stability across infant ages in the
meta-analysis. As we suggest in the paper, this conflict may originate in factors beyond the
underlying construct. Investigators in the meta-analysis had the freedom to tailor their stimuli and
methods to the particular infant age investigated, which may in turn mask age-related changes in
the strength of the IDS preference effect. In contrast, the speech stimuli in the multi-lab replication
study were held uniform across participating laboratories and may have been better suited for
children in older age ranges (ManyBabies Consortium, 2020). The synthesis of these results
underscores the value of being able to generalise across various populations, experimental
methodologies and infant ages, but also highlights the importance of acknowledging the inferential
limitations of evidence synthesis methods (Lakens et al., 2017). Seeing scientific advancement as
an iterative procedure involving data accumulation and theory development empowers us to map
out the diversity of samples in earlier research, scrutinise the possibilities for generalisability, and

point to future directions of research (Fusaroli et al., 2022; Zettersten, Cox, et al., 2023).
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Beyond meta-analytic synthesis and multi-lab replication strategies of generalising across
different methodologies and samples, how can the cumulative nature of the scientific process be
reflected in our choice of statistical methods? At the heart of cumulative science approaches lies
the idea of gradual accumulation of knowledge by updating the generalisability of our beliefs with
new empirical data. Updating a belief based on new evidence is central to Bayesian approaches to
statistics (Brand et al., 2019; McElreath, 2018). A prior probability represents initial beliefs, which
are then updated with new data to obtain a posterior distribution that reflects updated beliefs. We
can apply this process of Bayesian inference to the scientific process via a statistical method called
posterior passing (Beppu & Griffiths, 2009). This method involves using a posterior estimate from
an earlier study as the prior for the next study, creating a string of connected studies where each
study incorporates the data collected in earlier studies and contributes to the precision of the next
posterior estimate (Beppu & Griftiths, 2009). The passing of posteriors across studies reduces the
influence of any single experimental dataset and generates critical reflection on how to
contextualise and incorporate the results of previous studies into the analysis (Brand et al., 2019).
For example, how to best incorporate uncertainty in the prior and ensure appropriateness involves
consideration of how individual studies address the same theoretical effect, and whether
differences in analytic technique or experimental design should result in the inflation of prior
uncertainty (Brand et al., 2019; Wesner & Pomeranz, 2021). Experiments can be combined in
posterior passing if they are addressing the same theoretical effect. For example, Dideriksen et al.
(2023) investigate task-oriented conversational structures and use informed priors based on the
previous literature on casual conversations. Similarly, in Study II of this dissertation, we employ
the average meta-analytic estimates of IDS acoustic features from Study I to encode our data-

driven prior expectations and to critically evaluate the extent to which Danish IDS follows or
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contradicts cross-linguistic tendencies. This statistical method thus offers a back-and-forth
conversation between prior studies and new results, but it does not obviate the need for detailed
modelling of data from individual behavioural studies. The cumulative nature of the ideal scientific
process, then, can be reflected in our choice of statistical methods and create iterative improvement

of our estimates and theories over time (Brand et al., 2019).

Interim Conclusion

In a cumulative perspective of science, individual studies represent patterns in specific regions
within the methodological landscape, and based on these patterns, scientists gradually build up
theories and explanations for variability and generalisability of results across studies. By
aggregating empirical results in meta-analyses and using these aggregations to encode our prior
expectations in statistical models, these methods offer an explicit method to integrate new research
findings into existing frameworks of knowledge. This cumulative perspective on scientific

exploration should be evident in the aims and motivations of the studies in this dissertation.

1.4 Aims and Motivations of the Studies

The reviewed literature indicates that behavioural adaptations emerge from social feedback loops
between interactants and are shaped by changes across ontogeny, cross-cultural norms and form-
function relationships (Elmlinger et al., 2019, 2023; Goldstein & Schwade, 2008; Laing &
Bergelson, 2020; Warlaumont et al., 2014; Bolis & Schilbach, 2018, 2020; Fusaroli & Tylén,
2012). The remainder of Section 1.4 provides brief overviews of the specific aims of each of the

studies included in this dissertation.
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1.4.1 Aims & Motivations of Study I

Study I is a systematic review and Bayesian meta-analysis of the acoustic features of IDS and
quantifies the available evidence for each of the following five acoustic features: fo, fo variability,
articulation rate, vowel duration, and vowel space area. The specific aims of the meta-analysis
were thus to examine the following three main questions:

1. How do the five acoustic properties of IDS change over the course of early child

development?
2. To what extent do these features exhibit cross-linguistic variability?
3. To what extent do these features provide commensurable measurements according to the

experimental task and recording environment?

1.4.2 Aims & Motivations of Study I1

Study II goes hand in hand with the meta-analysis on IDS and builds on the insights from previous
studies of Danish IDS (Bohn, 2013; Dideriksen & Fusaroli, 2018) and IDS across distinct
languages (Cox et al., 2023). We turned our focus to the following three questions concerning the

acoustic expression of Danish IDS and ADS:

1. To what extent do Danish caregivers produce differences across IDS and ADS in terms of
the five acoustic features explored in the meta-analysis: fo, fo variability, articulation rate,
vowel duration, and vowel space area?

2. Do Danish caregivers exhibit acoustic changes in their IDS across different infant ages in

early ontogeny?
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3. What is the balance between vowel separability and within-vowel variability in Danish

caregivers’ IDS and ADS?

1.4.3 Aims & Motivations of Study I11

Study III provides a systematic review and Bayesian meta-analysis on the developmental
trajectory of children’s turn-taking abilities and attempts to identify key moderators affecting child

response latencies. We asked the following questions:

1. What is the developmental trajectory of infant response latencies in early child-caregiver
interactions?

2. To what extent do these developmental changes in child response latency change with child
age, adult response latency, interlocutor familiarity, interactional setting, activity type,
language and developmental atypicalities?

3. Can we gain more information on the potential mechanisms underlying turn-taking?
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A Systematic Review and Bayesian Meta-Analysis of

the Acoustic Features of Infant-Directed Speech

Abstract

When speaking to infants, adults often produce speech that differs systematically from that
directed to other adults. In order to quantify the acoustic properties of this speech style across a
wide variety of languages and cultures, we extracted results from empirical studies on the acoustic
features of infant-directed speech (IDS). We analyzed data from 88 unique studies (734 effect
sizes) on the following five acoustic parameters that have been systematically examined in the
literature: 1) fundamental frequency (fo), ii) fo variability, iii) vowel space area, iv) articulation rate,
and v) vowel duration. Moderator analyses were conducted in hierarchical Bayesian robust
regression models in order to examine how these features change with infant age and differ across
languages, experimental tasks and recording environments. The moderator analyses indicated that
fo, articulation rate, and vowel duration became more similar to adult-directed speech (ADS) over
time, whereas f, variability and vowel space area exhibited stability throughout development.
These results point the way for future research to disentangle different accounts of the functions
and learnability of IDS by conducting theory-driven comparisons among different languages and

using computational models to formulate testable predictions.
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1 Introduction

1.1. The form and function of infant-directed speech

Speaking to infants presents caregivers with a significant challenge. Because infants are
not linguistically competent, older individuals modify their speech to them in a variety of ways to
communicate. The ways in which caregivers produce infant-directed speech (IDS) have been
widely documented, and some clear patterns have emerged across multiple languages. For
example, speakers often increase their vocal pitch and pitch variability, slow down their speech,
and articulate more clearly (e.g., Fernald, 1989; Fernald et al., 1989; Stern et al., 1983). The
discovery of similar acoustic properties of IDS across so many languages and cultures strongly
suggests that this speech style plays an important role in linguistic and social development
(Golinkoff et al., 2015).

In the study of signal design in humans and nonhuman animals, form-function analysis is
used to understand how structural characteristics of signals are shaped by the communicative
functions they serve. This approach applies well to the study of IDS (Bryant & Barrett, 2007;
Fernald, 1992; Owren & Rendall, 2001). For instance, the loud, low-pitched, abrupt onset of a
prohibitive yell could be designed to interrupt the behavior of a baby by exploiting the startle
reflex, which quickly re-orients a target infant’s attention to the sound source (Bryant & Barrett,
2007). Similarly, approval vocalizations may induce positive emotions through raised pitch and
pitch variability, faster speech, and modulated loudness reflecting speakers’ positive valence and
heightened arousal (Bryant & Barrett, 2007; Kitamura & Lam, 2009; Lam & Kitamura, 2006). But

communicative functions overlap and interact as the cognitive and linguistic skills of the infant
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develop, and their interactional affordances change (Kitamura & Notley, 2009; McRoberts et al.,
2009; Panneton et al., 2006).

One prominent hypothesis holds that the acoustic features of IDS may help infants learn
aspects of language (Golinkoff et al., 2015). The benefits of IDS to language development are
generally attributed to its tendency to increase the clarity of the speech input (e.g., Kalashnikova
& Burnham, 2018; Kuhl et al., 1997; Liu et al., 2003). This hypothesis receives substantial support
from longitudinal studies showing positive correlations between parents’ tendency to produce
acoustically exaggerated vowels and speech discrimination skills (Liu et al., 2003) as well as
expressive vocabulary size (Hartman et al., 2017; Kalashnikova & Burnham, 2018). Other studies
show that acoustically exaggerated vowels induce more mature neural processing of vowel
categories in infants (Peter et al., 2016) and faster word recognition (Song et al., 2010). The cross-
linguistic tendency for caregivers to exaggerate the differences between vowel categories might
facilitate infants’ language development by increasing category separability in the speech stream.
An increase in vowel category separability in speech has been shown to co-occur with a greater
degree of within-category variability (Cristia & Seidl, 2014; Martin et al., 2015; McMurray et al.,
2013; Miyazawa et al., 2017; Rosslund et al., 2022), which may work in parallel with separability
to increase the robustness and generalizability of the categories (Eaves et al., 2016; Perry et al.,
2010; Rost & McMurray, 2009, 2010).

The functions of IDS have been posited to exhibit change over the course of early infant
development, with the speech style initially serving primarily to direct infants' attention and
express affect, and later on serving more specific linguistic purposes (Fernald, 1992). According
to a form-functions analysis, these age-related changes in the functions of IDS should manifest

themselves in the acoustic properties of caregivers’ speech. Despite the implications of
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unidirectionality in its name, however, IDS also includes feedback from infants — IDS involves
reciprocity and interaction where the interdependence of infants’ active participation and caregiver
responsiveness plays a crucial role (Goldstein & Schwade, 2008; Ko et al., 2016; Murray &
Trevarthen, 1986; Nguyen et al., 2022; Warlaumont et al., 2014). The benefits of IDS should be
construed as originating in the mutual feedback loops between infant and caregiver, where infants
provide an important source of feedback about which signals they prefer to attend to and interact
with (Goldstein & Schwade, 2008; Ko et al., 2016; Murray & Trevarthen, 1986; Nguyen et al.,

2022; Warlaumont et al., 2014).

1.2. Development of infants’ IDS preference

Many studies have demonstrated that infants prefer to listen to IDS over ADS (Cooper &
Aslin, 1990; Fernald, 1989; Fernald et al., 1989; Fernald & Simon, 1984; Kuhl et al., 1997;
ManyBabies Consortium, 2020; Pegg et al., 1992; Werker & McLeod, 1989). This preference
persists when presented speech is in a foreign language (ManyBabies Consortium, 2020; Werker
& McLeod, 1989), or when low-pass-filtered and containing only global prosodic information
(Fernald & Kuhl, 1987). Even infant-directed songs in a foreign language induce relaxation in
babies (Bainbridge et al., 2021). A recent large-scale, multi-lab replication study found that infants
exhibit linear increases in their IDS preference until at least 15 months of age, the oldest age tested
(ManyBabies Consortium, 2020). This trajectory was similar to the findings of a meta-analysis
reporting a general increase in looking times toward IDS in preverbal infants from 0 to 9 months
(Dunst et al., 2012). In contrast, two studies have reported that infants’ IDS preference exhibits a

U-shaped pattern. Hayashi et al. (2001) found that while both groups of 4-6- as well as 10-14-
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month-old infants paid more attention to IDS than ADS, but 7-9-month-old infants did not exhibit
a preference. Similarly, Newman & Hussain (2006) found a preference for IDS in 5-month-old
infants, but not in 9- or 13-month-olds.

Infants’ shifting preferences for IDS over ADS over the first year of life could reflect
dynamic changes in the acoustic features they attend to. For example, Panneton et al. (2006)
reported that 4-month-old infants listened longer to speech with a higher positive affect (i.e.,
relatively higher emotion content) and slowed duration, but 8-month-old infants preferred speech
with normal duration and lower relative affect. Other studies examining differences in preferences
have demonstrated various effects suggesting that infants, even during their first year, might be
attending differentially to many aspects of IDS (Kitamura & Lam, 2009; Kitamura & Notley, 2009;
Lam & Kitamura, 2006). For example, younger infants have been shown to preferentially attend
to the intonational variability and positive affect of IDS (Kitamura & Burnham, 1998; Singh et al.,
2002). At this early developmental stage, the tendency for IDS to contain increased pitch
variability, modulated loudness contours, and rhythmic alterations (Fernald & Mazzie, 1991;
Fernald & Simon, 1984) likely serves the function of effectively communicating intentions,
including getting an infant’s attention, expressing emotions and encouraging behavior (Fernald,
1992). As infants get older and become more advanced in language development, their attention
might shift toward aspects of IDS that provide linguistic information (Kitamura & Notley, 2009;
McRoberts et al., 2009; Segal & Newman, 2015). If caregivers adapt the acoustic properties of
their IDS to suit infants’ developmental needs, we may see systematic shifts in acoustic properties
over the course of early infancy, such that exaggerated prosodic features associated with

communicating intent to young infants should decline, and linguistically-relevant properties
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should be emphasized more for older children, including expansion of the vowel space area

(Fernald, 1992; Kuhl et al., 1997).

1.3. IDS across cultures

The study of IDS across cultures has a long interdisciplinary history. Early linguistic
research revealed many regularities in IDS across disparate languages and cultures, as well as
language-specific phenomena. In this work, many of the reported features were not acoustic but
concerned phenomena such as modified morphemes and grammatical constructions as well as
lexical innovations (e.g., Ferguson, 1964). Naturally, these kinds of features should vary cross-
culturally, and variations were noted within villages, including features that were unique to single
families, or that might spread to a few households at most. Ferguson (1964) also discussed cultural
variations in attitudes toward babytalk, including its use in public and whether it was more
appropriate for men or women to produce it. Other studies have shown that the frequency of
speaking to infants in any manner can vary dramatically, with some cultural groups not speaking
to infants very much at all (Casillas et al., 2020; Cristia et al., 2019; Shneidman & Goldin-Meadow,
2012). A high degree of variability in the rate of IDS use, however, does not preclude universality
(Bryant, 2022); rather, IDS may represent a continuum across cultures that exhibits cross-linguistic
variability in its rate and acoustic properties. Early rejections of the universality of IDS often
conflated the issues of incidence with form; that is, how often IDS occurs during interaction is
separate from its acoustic features when it is actually produced. Later analyses focusing on acoustic
characteristics of IDS across languages have revealed striking similarities (Fernald et al., 1989;
Grieser & Kuhl, 1988; Papousek et al., 1991). Recent large-scale studies have shown that these

features occur widely, and the recognition of IDS and infant-directed song is robust (Hilton et al.,
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2022; ManyBabies Consortium, 2020). Questions regarding within- and between-culture variation
are crucial to address when issues of universality are raised (Bryant, 2022).

Researchers have now started using day-long recordings of infants (e.g., Ridsédnen et al.,
2021; Xu et al., 2009) and open archives of acoustic data (e.g., MacWhinney, 2014), allowing for
the analysis of more ecological data to investigate infants’ linguistic and emotional development
through quantitative and computational means (e.g., Warlaumont et al., 2014). These archives
provide data from diverse cultures (e.g., Casillas et al., 2020) and offer new insights into the role
of linguistic input on early language development. For example, US English speakers appear to
produce a particularly exaggerated form of IDS relative to other speakers (Fernald et al., 1989;
Floccia et al., 2016; Shute & Wheldall, 1999). Because such a high proportion of studies on IDS
examine US English (cf. Figure 1 and Table S10.1 in Supplementary Information), the field may
have a biased view of how IDS manifests itself, and how it may affect language development
(Floccia et al., 2016; ManyBabies Consortium, 2020). Figure 1 shows the proportion of languages
for which IDS has been analyzed compared to the total number of languages listed on the World
Atlas of Language Structures (Haspelmath, 2009). Although this world map suggests a
considerable bias in the types of languages and cultures investigated, increasing linguistic diversity
— while valuable in and of itself — is unlikely to improve our understanding of the cognitive
underpinnings of IDS alone. More fine-grained, hypothesis-driven comparisons are also required
(Christiansen et al., 2022; Deffner et al., 2021; Trecca et al., 2021), as discussed further in sections
4.2-4.3. In order for such comparative approaches to be useful, we need a more careful and theory-
driven analysis of the extant IDS literature and how IDS varies across infant ages, languages,
experimental tasks and recording environments. It should also be noted that the participants in the

studies included in this meta-analysis largely consist of female caregivers residing in Western,

57



educated, industrialized, rich, developed countries (Nielsen et al., 2017). Due to the sparsity of the
data on other speaker types and populations, the meta-analysis could not analyze these factors as
potential sources of variability in the acoustic measures (e.g., kin vs. non-kin caregivers), as

discussed further in sections 4.2-4.3.

World Map of Data on Infant-Directed Speech
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Figure 1: World map of IDS data. This plot provides a coarse overview of languages for which IDS has been analyzed.
It compares the languages included in this meta-analysis to the languages listed on the World Atlas of Language
Structures (WALS) %. Data extracted from: https://github.com/cldf-datasets/wals. Each point represents a language,
the color of which indicates whether the language is included in this meta-analysis, and the size of which indicates
the cumulative sample size. It should be noted that the represented languages may not be accurate in terms of exact

positions on the map and that WALS includes languages with very small speaking communities (e.g., the vast number

of languages in USA).
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1.4. Acoustic changes in IDS across development

Many studies have demonstrated that caregivers exhibit age-related changes in the acoustic
properties of their IDS. Here we will provide an overview of how each of the acoustic features in
IDS that we investigated in our meta-analysis have been shown to change as a function of infants’

age. See Figure 2 for a summary visualization.
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Overview of Longitudinal Studies on Acoustic Features of IDS
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Figure 2: An overview of the findings from longitudinal studies for each of the acoustic features. The x-axis indicates
infant age in months, while the colours indicate whether the acoustic feature exhibits an increase (orange) or decrease
(teal) or no change (purple) over the course of the ages investigated. Studies are sorted by the main conclusion

regarding any feature change.

The most common finding in studies examining the acoustic features of IDS is that IDS
utterances, on average, have higher f; and f; variability than ADS, resulting in the salient perceptual
effects of perceived higher pitch and pitch variation (e.g., Fernald, 1989; Stern et al., 1983).
Interestingly, many longitudinal studies on f, show that caregivers decrease their overall vocal
pitch to infants over the course of development (Amano et al., 2006; Gergely et al., 2017; Han et
al., 2020; Niwano & Sugai, 2002; Stern et al., 1983; Vosoughi & Roy, 2012), but findings are
mixed with other studies reporting no change over time (Benders, 2013; Kalashnikova & Burnham,
2018; Kondaurova et al., 2013; Kondaurova & Bergeson, 2011; Lee et al., 2014; Narayan &
McDermott, 2016; Raneri, 2015). Variability in f, shows a similar pattern. Pitch variation reflects
intonational contours that provide information about speakers’ expression of affect and intentions
(e.g., Fernald & Simon, 1984; Knoll & Costall, 2015). Longitudinal studies of f; variability in IDS
indicate a peak before infants turn 12 months of age, with a subsequent decrease over the course
of development (Amano et al., 2006; Cristia, 2010; Gergely et al., 2017; Han et al., 2020;
Kondaurova et al., 2013; Narayan & McDermott, 2016; Raneri, 2015; Stern et al., 1983; Vosoughi
& Roy, 2012).

The tendency for caregivers to expand their vowel space area in IDS represents one of the
more subtle adaptations of speech directed to infants. The most common measure calculates the
area in acoustic space encompassed by the mean formant values of the three corner vowels: /i/, /a/,

and /u/. Because these three vowels represent articulatory extremes and occur in the majority of
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the world’s languages (e.g., Liljencrants & Lindblom, 1972), studies focus on how caregivers
adapt the acoustic-phonetic characteristics of these vowels in their IDS. Thus, vowel space area is
used as a measure of how much caregivers clarify their speech to infants (e.g., Hartman et al.,
2017; Liu et al., 2003; although cf., Cristia & Seidl, 2014; Martin et al., 2015; Miyazawa et al.,
2017). A majority of studies do not find evidence of any shift in vowel space area at a variety of
age ranges (Benders, 2013; Burnham et al., 2015; Cristia & Seidl, 2014; Gergely et al., 2017;
Hartman, 2013; Kalashnikova & Burnham, 2018; Lovcevic et al., 2020; Weirich & Simpson, 2019;
Wieland et al., 2015). But some studies have shown changes over time, although there are
differences in the direction of the shift (Dodane & Al-Tamimi, 2007; Rattanasone et al., 2013).
Articulation rate measures the speed at which people speak, which can have important
consequences for how easily language is processed. This is true not only for young infants, but
adults as well, including second-language learners and listeners with other impairments (e.g.,
Huettig & Guerra, 2019). Speaking too fast can prevent proper processing, which could have
effects on phonological perception, emotional communication, and other comprehension issues.
Several longitudinal studies of articulation rate have shown that caregivers increase their rate of
articulation (i.e., speed up speech) over the course of infant development (Kondaurova et al., 2013;
Lee et al., 2014; Narayan & McDermott, 2016; Raneri, 2015). Vowel duration, lastly, plays a
crucial role in phonological processing (e.g., Fernald et al., 1989) as well as in modulating infant
attention and facilitating language development (Gleitman et al., 1984). The exaggeration of the
duration of vowels in IDS may make relevant phonological differences more salient to children,
thereby facilitating their detection of clause and phrase boundaries (Seidl & Cristia, 2008;

Soderstrom et al., 2003). Longitudinal studies in several languages indicate that caregivers often
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decrease relative vowel duration differences in IDS and ADS as infants get older (Englund &

Behne, 2005; Hartman et al., 2017; Vosoughi & Roy, 2012).

1.5. Objectives of the meta-analyses

In the current meta-analysis, we aimed to investigate the acoustic properties of IDS across
infant ages and languages, and understand these results in relation to the purported functions of
IDS. We conducted this investigation by examining the influence of four moderator variables on
possible acoustic differences between ADS and IDS: 1) age, ii) language, iii) experimental task
and i1v) recording environment. The justification for each is described in brief. First, by pooling
together data from the studies and quantifying the acoustic changes in IDS as a function of infant
age, we can examine which of the acoustic properties of IDS change to become more similar to
ADS over early infant development. Specific changes in the acoustic properties of IDS over
developmental time would suggest that caregivers exhibit sensitivity to infants’ shifting socio-
emotional and linguistic needs and adapt their speech accordingly. Concretely, if IDS in early
development serves primarily to convey affect and only later serves a linguistic function, then we
might expect to see developmental shifts in the acoustic properties that are primarily associated
with linguistic facilitation (e.g., vowel space area and vowel duration). Whether these linguistic
features are present from birth or become gradually more exaggerated in IDS as infants exhibit
linguistic development remains an open empirical question. Over longer timescales (not covered
by the studies in this meta-analysis), we would expect all of the acoustic properties of IDS to
gradually become indistinguishable from those of ADS. Second, to quantify the amount of cross-
linguistic variation that could be observed, we analyzed language as a moderator variable. For each

acoustic variable, we provided language-specific estimates for each of the languages under
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investigation, as shown in Tables S9.1-9.5 in the Supplementary Information. The data were too
sparse to allow for an investigation of an interaction between infant age and the language spoken
(cf. Figure S7 in the Supplementary Information). Last, we analyzed experimental task (i.e.,
spontaneous vs. read speech) and recording environment (i.e., naturalistic vs. laboratory) as
moderators to examine whether the studies provided commensurable measurements across
different conditions.

Whether the acoustic properties of caregivers’ IDS change according to experimental task
and recording environment remains an open question and an important consideration for future
studies of IDS (Dunst et al., 2012). A cross-tab plot showing how the acoustic measures were
distributed across the conditions of task and environment is shown in Figure S8 in the
Supplementary Information. In addition to these moderator analyses, we also conducted sensitivity
analyses in order to quantify the robustness of our findings and to assess the evidentiary strength
for each acoustic feature in light of publication bias. We computed the worst-case effect size
estimate based only on non-affirmative studies and investigated how sensitive the meta-analytic

results were to a potential bias for significant results in the field.

2 Methodology and acoustic measures

In order to obtain a comprehensive sample of the available literature on acoustic properties
of IDS, we conducted a systematic literature search on PubMed and Web of Science, in line with
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses Guidelines (Page et al.,
2021) (cf. Figure S1.1 and Tables S1.2-3 in Supplementary Information). The search terms used
were ("motherese" OR "baby talk" OR "child-directed speech" OR "infant-directed speech" OR

"caretaker speech" OR "parentese"), with no search limits in the query in order to target studies

64



broadly. The first systematic search was conducted independently by two of the authors (RF &
EF) in June 2017 and updated by a third author (CC) in December 2021; CC screened for missed
studies from before and after the date of the first systematic search. Disagreements in the screening
of papers were resolved with discussions in the first phase between EF and RF and in the second
phase between CC and RF; if the paper was thought to contain relevant data for the meta-analysis
(see below), the paper was included for the successive phase of the review. Disagreements were
therefore rare and mainly motivated by studies where relevant information was reported only in
the Supplementary Information. As of December 2021, the search strategy yielded a total of 602
papers, which were manually screened for inclusion according to the following criteria: 1) infants
had to be typically-developing, ii) studies had to include quantification of an acoustic feature, iii)
studies had to include a comparison condition with ADS, iv) the speech had to be spoken to an
infant by one or both of their primary caregivers.

Based on the initial set of 602 papers, we used Connected Papers and Research Rabbit to
find an additional 48 relevant studies. After excluding 54 duplicate studies, we screened the titles
of 596 studies and excluded a further 302 studies that were unrelated to the current investigation.
We read the abstracts of the remaining 294 studies and evaluated each with reference to the above
exclusion criteria. Of the 294 papers, 175 studies had no relation to IDS, 17 studies had no
comparison condition with ADS, and 15 studies examined atypical populations and had no relevant
control sample of typically-developing infants to extract data on. We discuss the importance of
future studies investigating more diverse speaker characteristics further in Section 4.2. To the best
of our knowledge, the present review of a total of 88 studies represents a comprehensive sample

of the literature on IDS.
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In order to assess the state of the literature and to explore the extent to which the studies
build a common discourse with reciprocal references, we used the R package bibliometrix (Aria &
Cuccurullo, 2017) to build coupling and direct-citation networks of the studies, as shown in Figure
S2.1 in Supplementary Information. The studies cluster together into three main groups and exhibit
considerable overlap in the studies they cite. Further, they cite each other somewhat independently
of the acoustic measure reported. The collection of studies investigated here, then, represents a
coherent intersection of papers that builds a common discourse on a variety of relevant aspects of

IDS.

2.1. Data Extraction

The following meta-analyses allowed us to explore how each acoustic measure differed
across infant ages, languages, experimental tasks, and recording environments. We classed the 84
relevant papers into 5 clusters based on the acoustic measure reported: 1) fo, ii) f, variability, iii)
vowel space area, iv) articulation rate, and v) vowel duration. If an individual study reported
multiple acoustic measures, the study was included in all of the relevant clusters. It should be noted
that other acoustic measures of IDS were reported in some of the studies under investigation (e.g.,
syllable duration (3 studies), pause duration (5 studies), and intensity (5 studies)); however, the
studies provided insufficient data for meta-analysis.

In order to standardize the measures and to allow for comparison among the studies, we
calculated Hedges’ g, an effect size variant that is preferred for small sample sizes (Morris, 2000).
For our purposes, this effect size represents the standardized mean difference between ADS and
IDS; that is, the bigger the effect size, the larger the difference between the speech styles. A

positive effect size indicates that the value for IDS is greater than that for ADS, and vice versa.
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This implies that an acoustic property of IDS that becomes more similar to ADS over the course
of development would manifest as a shift towards an effect size of zero.

When the raw means and standard deviations were reported in the papers, we calculated

the effect sizes with standard formulae for Hedges’ g (i.e., hedges'g = "——2—""""2) where

SDpooled

_ 2 _ 2
SDyooted = (2 ~1)5D3 +(n2=1)SDy , as formulated in (Hedges, 1981) where the standard deviation of
p nit+n,—2

each group is weighted by its sample size, using the R package esc (Liidecke, 2019). For the
remaining studies that did not report the raw data, the effect sizes were calculated either by using
the reported d-values, one-sample #-values, or by digitally extracting the raw data from published
plots using the WebPlotDigitizer application (Rohatgi, 2014). In certain cases, the standard
deviation of the effect size could not be calculated from the reported data or plots. In order to
include these effect sizes in the meta-analysis, these missing standard deviation values (n = 110)
were imputed by using multivariate imputation by chained equations based on a Bayesian linear
regression model in the R package mice (Van Buuren & Groothuis-Oudshoorn, 2011), as described
further in S3 of the Supplementary Information. We checked that this process of multiple
imputation did not bias the estimation of the overall effect size for each acoustic measure by
comparing the estimates of the intercepts-only models for the imputed and non-imputed datasets.
The results of these analyses are shown in Table S3.1 in Supplementary Information. All
hierarchical Bayesian models in this paper pool the results of analyses performed on the imputed
datasets. In Table S11.1 in Supplementary Information (cf., Figure 1 as well), we provide more
information about the size of the sample investigated for each language. The raw data and code
will be made available on MetaLab upon publication of this manuscript

(https://osf.io/hc7me/?view_only=93¢a379395414057b8704cb23aab4ded).
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2.2. Hierarchical Bayesian model

In the following meta-analyses of five acoustic features, we combined the weighted results
of comparable studies and provided a pooled estimate of the overall effect sizes. We estimated and
adjusted for heterogeneity in population samples and methodologies by allowing the estimate to
vary by study. The hierarchical structure of the random-effects model posits that the true effect
size may be study-specific and thereby accounts for repeated measures (Hedges & Olkin, 1985;
Raudenbush & Bryk, 1985; Fernandez-Castilla et al., 2020).The credible interval of the pooled
estimate thus aggregates information from both within-study sampling error and between-study
variance (Hedges & Vevea, 1998). The hierarchical Bayesian robust regression models were fitted
to the meta-analytic data using a Student’s t-likelihood. With this type of robust regression model,
longer-tailed distributions are implemented in order to reduce the influence of outliers. This
method incorporates outliers without allowing them to dominate non-outlier data (Jylinki et al.,
2011). See S5 in the Supplementary Information for a detailed account of the models and choice
of priors (S5.1), prior and posterior predictive checks (S5.2), prior-posterior update plots (S5.3) as
well as prior sensitivity analyses for the model estimates (S5.4.1) and evidence ratios (55.4.2) of

intercept and age.

2.3. Moderator Analyses

We began by building intercepts-only models in order to condition the data for each of the
acoustic measures on the variance associated with individual studies. With this model, we posited

that effect sizes were nested within languages and within studies. In order to quantify the within-
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language variability due to different studies reporting data on the same language and repeated
measures within these studies, we included nested effects of study and measures within the
random-effects term (i.e., (1 | Language/StudySite/measurement)). We used these three-level
intercepts-only models to assess the within-language, between-study heterogeneity and report how
the effect size estimates of each study deviate from the pooled effect size estimate (cf. Figures
S6.1-6.5 in Supplementary Information).

We then constructed a second model to analyze the influence of potential moderators on
the variation of effect sizes across studies. This second model allowed us to explore the effect of
the following predictors on each of the acoustic measures: i) infant age, ii) language, iii)
experimental task and iv) recording environment, the justifications for which were described in
section 1.5. We refer to this second model as the full model for the remainder of this paper.

We performed pairwise leave-one-out-information criterion-based model comparison
(Vehtari et al., 2017) between the full model and models without each of the predictor variables.
We report leave-one-out (loo) stacking weights (Yao et al., 2018) in favor of the model. Stacking
weights indicate the probability that the model including the variables is better than the model
without the predictor variables.

All computations were performed in R 4.2.0 (R Core Team, 2020) using brms 2.17
(Biirkner, 2017) and Stan 2.21 (Carpenter et al., 2017) in R Studio 1.4 (RStudio Team, 2020).

For each acoustic measure, we provide the estimates from the full model and report 95%
credible intervals, evidence ratios, credibility scores and loo stacking weights for each of the
models. Each will be described in turn: i) credible intervals (henceforth Crl) refer to the range of
values within which there is a 95% probability that the true value of the parameter is included

given the assumptions of the model, ii) the evidence ratio provides the ratio of likelihood in favor
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of a hypothesis; that is, an evidence ratio of 5 indicates that the hypothesis is 5 times more likely
than the alternative, while an evidence ratio of ‘Inf’ (infinite) suggests that all of the posterior
samples are compatible with the hypothesis and not with the alternatives (Biirkner, 2017), iii) the
credibility score refers to the percentage of posterior samples in the direction of the hypothesis
under investigation (Biirkner, 2017), and lastly, iv) stacking weight refers to the probability that
the model including a predictor provides a better model of the data than the model without the
predictor (Vehtari et al., 2017). The estimates from the best model for each acoustic variable are
reported in Tables S8.1-8.5 in the Supplementary Information.

We chose to assess publication bias by conducting quantitative sensitivity analyses and
estimating the severity of the publication bias required to attenuate the credible interval of the
pooled effect size to include null values (Mathur & VanderWeele, 2020). Traditional assessments
of publication bias rely on spearman rank correlations between effect size and standard error and
exhibit certain limitations. These traditional methods, for example, provide binary decisions either
rejecting the null hypothesis of no publication bias or not and fail to control for Type I error rates
when used with standardized mean difference effect sizes and conventional variance estimates (Jin
et al., 2015; McShane et al., 2016). This is especially the case when within-study sample sizes are
relatively small or between-study heterogeneity is high (Pustejovsky & Rodgers, 2019). We
therefore chose to assess how robust the meta-analytic estimates would be to varying assumptions
of publication bias (Mathur & VanderWeele, 2020). These methods assume that meta-analytic
studies represent samples from an underlying (possible) population of published and unpublished
studies, where the probability of selection for significant studies is higher. The potential presence
of publication bias is thereby assessed i) by varying assumptions as to how much more likely

significant studies are to be published than non-significant studies, and ii) by calculating the
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amount of publication bias required to attenuate the estimates so that the evidence in favor of an
effect becomes negligible. This method has limitations, such as relaxing certain distributional
assumptions on the population effects and assuming that the non-significant findings available are
representative of the whole population of unpublished studies (Mathur & VanderWeele, 2020),
However, the method still offers substantial benefits over classical funnel plot methods and
selection models (cf., Jin et al., 2015; McShane et al., 2016; Pustejovsky & Rodgers, 2019 for
reviews). It should be noted that this method of analyzing publication bias sensitivity cannot
comment on the severity of publication bias in practice, nor the opposite; rather, this analysis
provides results that allow us to assess the extent to which an effect would be present even if
publication bias were a severe issue in the literature. For each acoustic measure, we report the
worst-case effect size estimate based solely on the non-significant studies and make sensitivity

plots and significance funnel plots (cf. S10.1-10.2 in Supplementary Information).

3 Results of Meta-Analyses

3.1 Summary of Results

The overall results indicated a robust cross-linguistic tendency for caregivers to produce
IDS with a higher pitch and pitch variability, an expanded vowel space area, a slower articulation
rate, and longer vowel durations. Table 1 provides a summary of the average effect size estimates
for each of the acoustic measures as well as the estimated between-study variability. The heatmap
in Extended Data Figure 1 shows that the acoustic properties of IDS and ADS exhibit similar
differences across languages, with some language-specificity. In the following five sections, we

delve deeper into how each of the five acoustic measures are moderated by language, age,
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experimental task and recording environment, and assess how sensitive the results are to

publication bias.

Acoustic Feature No. of No. of Average Effect ER Study SD Robust

Studies ES Size Predictors
fo 60 262 1.19[0.81; 1.58] Inf 0.91[0.72; 1.14] Language, Age, Task,

Environment
fo Variability 44 202 0.46 [0.21; 0.71] 817.18  0.76 [0.60; 0.95] Language, Task
Vowel Space Area 33 84 0.81[0.44; 1.16] 1799 0.61[0.41; 0.86] Language
Articulation Rate 17 60 -1.11 [-1.80; 390.3  0.74[0.42;1.19] Language, Age, Task
-0.39]

Vowel Duration 26 81 0.51[0.16; 0.86] 67.7 0.50[0.12; 0.92] Language, Age

Table 1. A summary of the results for the best models for each acoustic variable. ES refers to Effect Sizes. ER
refers to Evidence Ratio. Inf means that all posterior samples are in the direction of the hypothesis. The average
effect size refers to the average effect size across infant ages and languages in the best model for the acoustic

measure.
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Heatmap of Acoustic Measures across Languages
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Extended Data Figure 1: A heatmap providing an overview of the effect size estimates for each of the acoustic

variables and languages. Dark orange shading indicates a strong effect size value on the positive scale. Dark blue

shading indicates a strong effect on the negative scale.
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3.2. Fundamental frequency (fo)

We combined data from studies reporting either the mean or median f, of utterances, as
both measures indicate the central tendency of f,. The following hierarchical model included 262
individual reported effect size measures from 60 studies. The model with task, environment, age,
and language as predictors was shown to provide a similar account of the data (stacking weight:
0.481) to the model excluding environment (stacking weight: 0.477), but a better account than the
model excluding task (stacking weight: 0.014) or the model excluding task and environment

(stacking weight: 0.029).

3.2.1. f, across studies

The Bayesian hierarchical intercepts-only model of f; revealed an overall estimated effect
size of g=1.17 with 95% Crl of [0.86; 1.45], a between-languages heterogeneity of g = 0.34 [0.05;
0.67], a heterogeneity between studies within languages of g = 0.90 [0.71; 1.11], as well as a
between-measures heterogeneity of g = 0.07 [0.00; 0.21]. A standardized mean difference of this
size implies that approximately 87.9% of IDS speech samples are expected to exhibit a higher f;
than ADS speech samples. An overview of how the studies varied with respect to the f, estimate
is shown in the forest plot in Figure S6.1 in the Supplementary Information. All of the studies
exhibited effect size estimates on the positive scale, with only 16 of the 60 studies including the

null in the lower-bound of their credible intervals.
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3.2.2. f, as a function of language

The estimates from the full model are shown in Figure 3 below. All of the point estimates for the
languages under investigation appear in the positive range of effect sizes. The cross-linguistic
differences between IDS and ADS in f; across languages thus mainly vary according to the extent
to which f; is higher in IDS relative to ADS (cf. Table S9.1 in the Supplementary Information for

language-specific estimates and credible intervals).

3.2.3. f, as a function of age

As shown in the top-right of Figure 3, the model indicated a robust effect of age—as
infants’ ages increased, the difference in f, between IDS and ADS decreased. The estimate for the
effect of age is -0.02 with 95% CrI [-0.03; 0.01], evidence ratio: 143.58, credibility: 0.99. This
developmental pattern indicates that the cross-sectional data included in this meta-analysis

conform to the results reported in most of the longitudinal studies (cf. Figure 2).

3.2.4: f, as a function of task and environment

As shown in the middle-right plot in Figure 3, caregivers produced a greater f, difference
between the two speech styles in experimental tasks designed to elicit spontaneous speech
(estimate: 0.43 with 95% Crl [0.13; 0.74], evidence ratio: 94.54, credibility: 0.99). As shown in

the lower-right-hand plot in Figure 3, recording parents in a naturalistic setting as opposed to in
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the laboratory shows a smaller difference between IDS and ADS in terms of f, (estimate: -0.48

with 95% CrlI [-0.87; -0.07], evidence ratio: 36.54, credibility: 0.97).

3.2.5. Publication bias for f,

The sensitivity analysis of publication bias for f, indicated that no amount of publication
bias would be able to attenuate the effect size estimate for the credible interval to include null
effects, as depicted in Figure S10.1 in the Supplementary Information. The worst-case effect size
estimate based solely on non-significant studies is 0.60 with 95% CrI [0.37; 0.83], as shown in
Figure S10.2 in the Supplementary Information. This analysis suggests that the effect size
estimates might be quite robust to even severe levels of publication bias - assuming that effect size

estimates of non-significant studies are representative of those of unpublished studies.
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Figure 3. Panel showing model estimates for a total of 3401 participants across 60 studies investigating 33 distinct
languages. The panel consists of i) A plot of effect size estimates for f, according to language (left). The centres of the
error bars (orange points) indicate the posterior effect size estimate for each language pooled across studies. The
error bars provide the 95% credible interval and the grey points are the raw effect size data). The size of the points is
proportional to the inverse of the standard error of the effect size (i.e., the larger the point, the smaller the standard
error). ii) A spaghetti plot showing 100 posterior model predictions for the effect size estimates for f, as a function of
age (top right). iii) A plot showing the distribution of effect size estimates across experimental tasks (middle-right).
The orange points indicate the posterior effect size estimate for each experimental condition. The error bars provide
the 95% credible interval and the grey points are the raw effect size data). The size of the points is proportional to the
inverse of the standard error of the effect size (i.e., the larger the point, the smaller the standard error). iv) A plot
showing the distribution of effect size estimates across recording environments (bottom-right). The orange points
indicate the posterior effect size estimate for each recording condition. The error bars provide the 95% credible
interval and the grey points are the raw effect size data). The size of the points is proportional to the inverse of the

standard error of the effect size (i.e., the larger the point, the smaller the standard error).

3.3. fo variability

Some of the studies reported f, range (n=25) and others reported the standard deviation of
fo (n=20). As these measures both capture change in f; over the course of the utterance, we grouped
them together into a single category. If a study reported both measures, we used standard deviation
because range consists of the difference between the highest and the lowest value, therefore being
highly sensitive to even one outlier or measurement error. Therefore, standard deviation remains
less sensitive to extreme values and represents the more reliable measure of the two. The effect
size distributions of f, range and f, standard deviation were shown to be strongly correlated and
exhibit no notable differences, as shown in Figures S4.1-S4.2 in the Supplementary Information.

We extracted 223 effect sizes from 44 of the 88 studies. In this context, a positive Hedges’ g value
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signifies a higher degree of f, variability in IDS, and vice versa. The model with task, age, and
language as predictors provided a better account of the data (stacking weight: 0.681) than the
model including both task and environment (stacking weight: 0.218), the model excluding task
(stacking weight: 0.017), and the model excluding both task and environment (stacking weight:

0.084).

3.3.1. f, variability across studies

The Bayesian hierarchical intercepts-only model of f, variability showed an overall
estimated difference of g = 0.69 with 95% Crl [0.44; 0.92] and a between-languages heterogeneity
of g=0.25[0.02; 0.52], a heterogeneity between studies within languages of g =0.71 [0.56; 0.88],
as well as a between-measures heterogeneity of g = 0.11 [0.01; 0.23]. With a standardized mean
difference of this size, this implies that approximately 83% of IDS speech samples would show a
higher degree of f; variability compared to that of ADS speech samples. An overview of how the
studies varied with respect to the f, variability estimate is shown in the forest plot in Figure S6.2
in the Supplementary Information. The estimated effect sizes were primarily distributed on the
positive scale, indicating that the studies provided evidence for greater f, variability in IDS than in
ADS. Only one out of the 43 studies on f, variability had a negative effect size point estimate,
which the authors posit could be a result of caregivers’ tendency to produce utterances with a

higher minimum f, in IDS, thereby reducing the possible f, range (Outters et al., 2020).

3.3.2. f, variability as a function of language

As shown in Figure 4 below, most of the point estimates for the languages appeared to be

in the positive range of effect sizes (cf. Table S9.2 in the Supplementary Information for language-
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specific estimates and credible intervals). The cross-linguistic differences between IDS and ADS

in fo variability mainly related to the degree of exaggeration.

3.3.3. fo variability as a function of age

As shown in the top-right of Figure 4, the model indicated no effects of infant age (estimate:
0.00 with 95% Crl [-0.01; 0.01], evidence ratio: 1.33 for no effect, credibility: 0.57. This suggests
that f, variability in caregivers’ IDS remains stable even as infants become older. This is consistent

with results reported in some of the longitudinal studies under investigation (cf. Figure 2).

3.3.4. fo variability as a function of task and

environment

The middle-right-hand plot in Figure 4 shows that caregivers spoke with higher degree of
fo variability in spontaneous speech compared to in read speech (estimate: 0.39 with 95% CrI[0.11;
0.68], evidence ratio: 89.68, credibility: 0.99). The lower-right-hand plot in Figure 4 indicates that
recording the parents in a naturalistic setting compared to in the laboratory exerted a weak negative
influence on the effect size estimates (estimate: -0.22 with 95% Crl [-0.59; 0.15], evidence ratio:

5.02, credibility: 0.83).

3.3.5. Publication bias for f, variability

A sensitivity analysis with a random-effects specification indicates that no amount of

publication bias would be able to attenuate the effect size estimate for the credible interval to
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include null effects, as depicted in Figure S10.1 in the Supplementary Information. The
uncorrected worst-case estimate for the effect size based solely on non-significant studies is 0.33

with 95% Crl [0.18; 0.47], as shown in in Figure S10.2 in the Supplementary Information.
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Figure 4. Panel showing model estimates for a total of 3006 participants across 44 studies investigating 34 distinct
languages. The panel consists of i) A plot of effect size estimates for f, variability according to language (left). The
centres of the error bars (orange points) indicate the posterior effect size estimate for each language pooled across
studies. The error bars provide the 95% credible interval and the grey points are the raw effect size data). The size of
the points is proportional to the inverse of the standard error of the effect size (i.e., the larger the point, the smaller
the standard error). ii) A spaghetti plot showing 100 posterior model predictions for the effect size estimates for fo
variability as a function of age (top right), iii) A plot showing the distribution of effect size estimates across
experimental tasks (middle-right). The orange points indicate the posterior effect size estimate for each experimental
condition. The error bars provide the 95% credible interval and the grey points are the raw effect size data). The size
of the points is proportional to the inverse of the standard error of the effect size (i.e., the larger the point, the smaller
the standard error). iv) A plot showing the distribution of effect size estimates across recording environments (bottom-
right). The orange points indicate the posterior effect size estimate for each recording condition. The error bars
provide the 95% credible interval and the grey points are the raw effect size data). The size of the points is proportional

to the inverse of the standard error of the effect size (i.e., the larger the point, the smaller the standard error).

3.4. Vowel space area

33 studies reported vowel space area estimates, for a total of 107 reported effect sizes. In
this context, a positive Hedges’ g value signifies an expansion of the vowel space area in IDS. The
model with age and language as predictors was shown to provide a better account of the data
(stacking weight: 0.431) than the model including environment (stacking weight: 0.250), the model
including task (stacking weight: 0.193) as well as the model including both task and environment

(stacking weight: 0.127).
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3.4.1. Vowel space area across studies

The Bayesian hierarchical intercepts-only model of vowel space area showed an overall estimated
difference in vowel space area of g = 0.66 with 95% Crl of [0.34; 0.98], a between-languages
heterogeneity of g = 0.55 [0.12; 0.97], a heterogeneity between studies within languages of g =
0.66 [0.43; 0.92], as well as a between-measures heterogeneity of g = 0.11 [0.00; 0.28]. A
standardized mean difference of this size implies that approximately 74% of IDS speech samples
overall will show an expanded vowel space area compared to those of ADS speech samples. An
overview of how the studies varied with respect to the vowel space area estimate is shown in the
forest plot in Figure S6.3 in the Supplementary Information. The studies were generally distributed
across positive effect sizes; however, 19 of the 32 studies included the null in the lower bound of
their credible intervals, and 2 of the 32 studies provided evidence for the opposite effect, namely
that ADS exhibited an expanded vowel space area compared to IDS (Benders, 2013; Steen &
Englund, 2021). The pooling of data from these studies on vowel space area, then, indicated a
moderate effect size, with some of the studies providing conflicting results, possibly due to cross-

linguistic differences, as discussed further below and in section 4.1.

3.4.2. Vowel space area as a function of language

As shown in Figure 5, most of the point estimates for the languages appeared to be in the

positive range of effect sizes (cf. Table S9.3 in the Supplementary Information for language-

84



specific estimates and credible intervals); however, there appears to be substantial cross-linguistic

variation in the extent to which caregivers expand their vowel space area when speaking to infants.

3.4.3. Vowel space area as a function of age

As shown in the top-right of Figure 5, the model indicated no evidence for an effect of

infant age. The estimate is -0.00 with 95% CrI [-0.02; 0.01], evidence ratio: 2.04, credibility: 0.66.

3.4.4. Vowel space as a function of task and

environment

As shown in the middle-right plot in Figure 5, caregivers did not seem to credibly produce
a greater vowel space area in the experimental task of producing spontaneous speech (estimate: -
0.16 with 95% Crl [-0.49; 0.18], evidence ratio: 3.58, credibility: 0.78). Similarly, as shown in the
lower-right-hand plot in Figure 5, recording caregivers with their infants in a naturalistic setting
did not appear to exert an effect on the vowel space area of caregivers’ IDS (estimate: -0.27 with

95% Crl [-0.76; 0.23], evidence ratio: 4.29, credibility: 0.81).

3.4.5. Publication bias for vowel space area

A sensitivity analysis with a random-effects specification indicated that if moderate
publication bias were present in the literature, then the effect size estimate may be closer to null

effects. That is, if significant results were fourfold more likely to be published in the literature, the
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credible interval would include an effect size of 0.1, as shown in in Figure S10.1 in the
Supplementary Information. The uncorrected worst-case estimate for the effect size based solely
on non-significant studies is 0.20 with 95% CrI [-0.01; 0.42], as shown in in Figure S10.2 in the

Supplementary Information.
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Figure 5. Panel showing model estimates for a total of 1702 participants across 33 studies investigating 30 distinct
languages. The panel consists of i) A plot of effect size estimates for vowel space area according to language (left).
The centres of the error bars (orange points) indicate the posterior effect size estimate for each language pooled
across studies. The error bars provide the 95% credible interval and the grey points are the raw effect size data). The
size of the points is proportional to the inverse of the standard error of the effect size (i.e., the larger the point, the
smaller the standard error). ii) A spaghetti plot showing 100 posterior model predictions for the effect size estimates
for vowel space area as a function of age (top right), iii) A plot showing the distribution of effect size estimates across
experimental tasks (middle-right). The orange points indicate the posterior effect size estimate for each experimental
condition. The error bars provide the 95% credible interval and the grey points are the raw effect size data). The size
of the points is proportional to the inverse of the standard error of the effect size (i.e., the larger the point, the smaller
the standard error). iv) A plot showing the distribution of effect size estimates across recording environments (bottom-
right). The orange points indicate the posterior effect size estimate for each recording condition. The error bars
provide the 95% credible interval and the grey points are the raw effect size data). The size of the points is proportional

to the inverse of the standard error of the effect size (i.e., the larger the point, the smaller the standard error).

3.5. Articulation rate

Speech production rate is generally measured in one of two ways: articulation rate excludes
pause intervals, but speech rate includes them and consequently takes speaker-specific ways of
conveying information (e.g., hesitations and pauses) into account (Laver & John, 1994; Tsao et
al., 2006a, 2006b). The majority of studies under investigation here (15 out of 17) reported
articulation rate as opposed to speech rate. Because both of these measures capture similar acoustic
information (i.e., the number of output units per unit of time), we have combined the measures in
our meta-analysis. But the distinction between them should be made theoretically because a slower

speech rate may signify factors in addition to a slower articulation rate (e.g., the number and
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duration of silent pauses) (Laver, 1994). Here, we use articulation rate to refer to this combination
of measures.

The acoustic measure of articulation rate was analyzed in 17 of the 88 studies and provided
60 separate effect sizes. A negative Hedges’ g value in this context signifies a slower production
rate in IDS. The model with task, age, and language as predictors was shown to provide a better
account of the data (stacking weight: 0.999) than the model including environment (stacking
weight: 0.000), the model excluding task (stacking weight: 0.001) and the model excluding both

task and environment (stacking weight: 0.000)).

3.5.1. Articulation rate across studies

The Bayesian hierarchical intercepts-only model of articulation rate showed an overall estimated
difference of g = -1.03 with 95% Crl of [-1.53; -0.56] and a between-languages heterogeneity of g
=0.38 [0.02; 1.00], a heterogeneity between studies within languages of g = 0.80 [0.50; 1.20], as
well as a heterogeneity between measurements of g = 0.26 [0.04; 0.47]. With a standardized mean
difference of this size, this implies that approximately 85% of IDS speech samples will show a
slower rate compared to that of ADS speech samples. An overview of how the studies varied with
respect to articulation rate estimate is shown in the forest plot in Figure S6.4 in the Supplementary
Information. The estimated effect sizes of the studies are distributed primarily on the negative
scale, indicating that caregivers on average speak slower in IDS than in ADS; however, due to the
relative sparsity of data for this acoustic measure, many of the languages include null effects in

their credible intervals.
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3.5.2. Articulation rate as a function of language

As shown on the left-hand side of Figure 6, all of the effect size point estimates for the
languages under investigation appeared in the negative range (cf. in Table S9.4 in the

Supplementary Information for language-specific estimates and credible intervals).

3.5.3. Articulation rate as a function of age

As shown in the top-right of Figure 6, the model indicated a reliable effect of infant age.
The estimate for the effect of age is 0.02 with 95% Crl [0.00; 0.05], evidence ratio: 33.33,
credibility: 0.97. This result shows that caregivers’ articulation rate in IDS becomes more similar

to ADS over the course of infant development from 0 to 30 months.

3.5.4. Articulation rate as a function task and

environment

As shown in the middle-right plot in Figure 6, caregivers appeared to speak faster to their
infants in spontaneous speech than in read speech (estimate: 0.95 with 95% Crl [0.1; 1.73],
evidence ratio: 28.34, credibility: 0.97. Conversely, the lower-right-hand plot in Figure 6 indicates
that there is no evidence that recording infants outside of the laboratory affects the articulation rate
in caregivers’ IDS (estimate: 0.15 with 95% CrI [-0.71; 0.96], evidence ratio: 1.66, credibility:

0.62).5
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3.5.5. Publication bias for articulation rate

A sensitivity analysis with a random-effects specification indicated that no amount of
publication bias would be able to attenuate the estimate to null, as shown in Figure S10.1 in the
Supplementary Information. If moderate publication bias were present in the literature, then the
effect size estimate may represent a more moderate effect; the uncorrected worst-case estimate for
the effect size based solely on non-significant studies is -0.445 with 95% CrI [-0.757; -0.133], as

shown in Figure S10.2 in the Supplementary Information.
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Figure 6. Panel showing model estimates for a total of 976 participants across 17 studies investigating 17 distinct
languages. The panel consists of i) A plot of effect size estimates for articulation rate according to language (left).
The centres of the error bars (orange points) indicate the posterior effect size estimate for each language pooled
across studies. The error bars provide the 95% credible interval and the grey points are the raw effect size data). The
size of the points is proportional to the inverse of the standard error of the effect size (i.e., the larger the point, the
smaller the standard error). ii) A spaghetti plot showing 100 posterior model predictions for the effect size estimates
for articulation rate as a function of age (top right), iii) A plot showing the distribution of effect size estimates across
experimental tasks (middle-right). The orange points indicate the posterior effect size estimate for each experimental
condition. The error bars provide the 95% credible interval and the grey points are the raw effect size data). The size
of the points is proportional to the inverse of the standard error of the effect size (i.e., the larger the point, the smaller
the standard error). iv) A plot showing the distribution of effect size estimates across recording environments (bottom-
right). The orange points indicate the posterior effect size estimate for each recording condition. The error bars
provide the 95% credible interval and the grey points are the raw effect size data). The size of the points is proportional

to the inverse of the standard error of the effect size (i.e., the larger the point, the smaller the standard error).

3.6. Vowel duration

The acoustic measure of vowel duration was analyzed in 26 of the 88 studies, and 81 effect
sizes were extracted from these studies. We should note that the vowel categories for which data
were available differed markedly across studies, with some studies reporting vowel duration only
for the articulatory extremes of /i/, /a/ and /u/ (e.g., Lovcevic et al., 2020; Steen & Englund, 2021)
and others reporting vowel duration for the full set of vowel phonemes in their language (e.g.,
Englund, 2018). In this context, a positive Hedges’ g value signifies a longer vowel duration in
IDS compared to that in ADS, and vice versa. The model with age and language as predictors was

shown to provide a better account of the data (stacking weight: 0.393) than the model including
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task and environment (0.154), the model including task (stacking weight: 0.242) and the model

including environment (stacking weight: 0.211).

3.6.1. Vowel duration across studies

The Bayesian hierarchical intercepts-only model of vowel duration showed an overall
estimated difference of g = 0.48 with 95% CrI of [0.08; 0.88], a between-languages heterogeneity
of g=0.38[0.03; 0.92], a heterogeneity between studies within languages of g = 0.43 [0.06; 0.85],
as well as a between-measures heterogeneity of g = 0.17 [0.01; 0.38]. With a standardized mean
difference of this size, this implies that approximately 70% of IDS speech samples will show a
longer vowel duration to that of ADS speech samples. An overview of how the studies varied with
respect to the vowel duration estimate is shown in the forest plot in Figure S6.5 in the
Supplementary Information. The majority of the effect size estimates were distributed on the
positive scale, indicating that the studies show that caregivers produce vowels with a longer

duration in IDS than in ADS.

3.6.2. Vowel duration as a function of language

As shown in Figure 7, most of the effect size estimates for the languages under
investigation appeared in the positive range (cf. in Table S9.5 in the Supplementary Information
for language-specific estimates and credible intervals); however, there appears to be an influence
of language-specific phonological properties, as some languages exhibit substantially longer

vowel durations in IDS (e.g., Mandarin Chinese), mixed results (e.g., US English and Japanese),
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while others indicate no durational differences between the speech styles (e.g., Swedish,

Norwegian, and Danish).

3.6.3. Vowel duration as a function of age

As shown in the top-right of Figure 7, the model indicated a moderate effect of infant age.
The estimate for the effect of age is -0.02 with 95% CrI [-0.05; 0.01], evidence ratio: 6.48,
credibility: 0.87. This suggests that caregivers’ vowel durations in IDS became slightly more

similar to ADS as infants got older.

3.6.4: Vowel duration as a function of task and

environment

As shown in the middle-right plot in Figure 7, there appeared to be weak evidence that
caregivers spoke with a greater vowel duration difference in spontaneous speech (estimate: -0.12
with 95% Crl [-0.97; 0.74], evidence ratio: 1.44, credibility: 0.58), although note that this estimate
was based on only three data points for the task of read speech. The lower-right-hand plot in Figure
7 indicated that recording the infants in a naturalistic setting exerted a weak positive influence on
the effect size estimates (estimate: 0.27 with 95% Crl [-0.51; 1.06], evidence ratio: 2.47,

credibility: 0.71).
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3.6.5. Publication bias for vowel duration

A sensitivity analysis with a random-effects specification indicated that no amount of
publication bias can attenuate the estimate to 0.1, as shown in the sensitivity plot of in Figure S10.1
in the Supplementary Information. The uncorrected worst-case estimate for the effect size based
solely on non-significant studies is 0.277 with 95% CrI [0.134; 0.417], as shown in Figure S10.2

in the Supplementary Information.
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Figure 7. Panel showing model estimates for a total of 1411 participants across 26 studies investigating 11 distinct
languages. The panel consists of i) A plot of effect size estimates for vowel duration according to language (left). The
centres of the error bars (orange points) indicate the posterior effect size estimate for each language pooled across
studies. The error bars provide the 95% credible interval and the grey points are the raw effect size data). The size of
the points is proportional to the inverse of the standard error of the effect size (i.e., the larger the point, the smaller
the standard error). ii) A spaghetti plot showing 100 posterior model predictions for the effect size estimates for vowel
duration as a function of age (top right), iii) A plot showing the distribution of effect size estimates across experimental
tasks (middle-right). The orange points indicate the posterior effect size estimate for each experimental condition. The
error bars provide the 95% credible interval and the grey points are the raw effect size data). The size of the points is
proportional to the inverse of the standard error of the effect size (i.e., the larger the point, the smaller the standard
error). iv) A plot showing the distribution of effect size estimates across recording environments (bottom-right). The
orange points indicate the posterior effect size estimate for each recording condition. The error bars provide the 95%
credible interval and the grey points are the raw effect size data). The size of the points is proportional to the inverse

of the standard error of the effect size (i.e., the larger the point, the smaller the standard error).

Discussion

The tendency for caregivers to modify their speech to infants represents a widespread
cross-cultural and cross-linguistic phenomenon. The aims of this meta-analysis (see section 1.5)
were to examine how the acoustic properties of IDS i) change over the course of early infant
development, ii) vary across languages, and iii) differ according to experimental task and recording
environment, with an eye towards a better understanding of culturally widespread IDS
communicative functions. The results confirmed that across multiple languages and cultures, IDS
contains acoustic features that are distinct from ADS, and that different acoustic features operate
on varying timescales, as described further in section 4.1. Our analysis of publication bias showed

that the pattern of acoustic features in IDS would remain reliable even if a strong bias for
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significant results existed in the literature (although potentially with the exception of vowel space
area, cf. Figure S10.1-10.2). The findings thus provide reliable evidence that caregivers across
multiple languages produce IDS with a higher f,, a higher degree of f; variability, an expanded
vowel space area, a slower articulation rate, and a longer vowel duration, as summarized in Figures
3-7 and Table 1 (cf. also S8.1-8.5 in the Supplementary Information). The analyses, however, also
suggested a high degree of unexplained between-study and between-language heterogeneity, as
discussed further in section 4.2. Our analyses of moderators indicated that f,, articulation rate, and
vowel duration became more similar to ADS over the course of infants’ early development, while
vowel space area and f, variability remained stable, at least up to 25 and 36 months of age,
respectively. Our analysis of the effect of experimental task revealed that spontaneous speech
displayed greater differences in f,, articulation rate, and f, variability between ADS and IDS,
compared to read speech. Recording environment likewise showed a reliable influence on the
estimates for f,.

In the following sections, we discuss our findings in light of the following questions: (1)
To what extent do the acoustic features of IDS change over time, and how do these findings speak
to the putative functions of IDS? (2) How much do the acoustic properties of IDS vary across
languages? (3) What are the sources of variation? We use these questions as an opportunity to
reflect on the scientific study of IDS and to provide study recommendations that can inform theory

building, modelling approaches, and future experimental and descriptive investigations.

99



4.1. Changes in IDS acoustic features and their relation

to functions

The tendency for some of the acoustic features of IDS to change over the course of early
development may be due to a form-functions relationship between caregivers’ acoustic production
patterns and infants’ attentional allocation to certain aspects of the speech stream (Kitamura &
Notley, 2009; McRoberts et al., 2009; Panneton et al., 2006; Segal & Newman, 2015). For
example, the increase in articulation rate and parallel decrease in vowel duration during
development may reflect caregivers’ sensitivity to infants’ improved processing of the speech
stream. Articulation rate exhibits robustness across languages (cf., Figure 6), with a universal
tendency for caregivers to slow down their speech to infants. Slowed IDS likely eases the cognitive
load involved in young infants’ speech and language processing (e.g., Christiansen & Chater,
2016; Saffran & Kirkham, 2018; Werker & Tees, 1999). Similarly, the decrease in the utterance-
global measure of f, in IDS may be a consequence of infants’ changing preferences to attend to
this acoustic feature in the speech stream (Panneton et al., 2006). Younger infants have been shown
to prefer to attend to the positive affect of IDS (Kitamura & Burnham, 1998; Singh et al., 2002),
while older infants prefer aspects of the speech stream that provide less positive affect and more
linguistically relevant information (Kitamura & Notley, 2009; McRoberts et al., 2009; Segal &
Newman, 2015). Vocal pitch exhibited a high degree of robustness across languages (cf., Figure
3), supporting the notion that it is a highly salient property of IDS (e.g., Fernald, 1989; Stern et al.,
1983) and that caregivers adjust IDS acoustic properties in ways that suit infants’ developmental
needs (Fusaroli et al., 2019; Smith & Trainor, 2008). Similarly, the cross-linguistic tendency for

the acoustic properties of f, variability and vowel space area to remain stable throughout early
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infancy (cf. Figure S6.6) suggests ongoing developmental relevance (Peter et al., 2016; Song et
al., 2010). We should note, however, that vowel space area exhibited cross-linguistic variation (cf.
Figure 5), with some of the studies reporting reduced vowel separability in IDS (e.g., Benders,
2013; Englund & Behne, 2005; Rattanasone et al., 2013; Steen & Englund, 2021). Both acoustic
features have been implicated in facilitating language development (Fernald & Kuhl, 1987;
Hartman et al., 2017; Liu et al., 2003; Spinelli et al., 2017), but whether the benefits of IDS derive
mainly from its capacity to direct infants’ attention or to emphasize linguistic aspects of the speech
stream (or both) remains as an important open question. We should also note that although infant
age appears to exert an effect on some of the acoustic measures, the amount of available data across
different age ranges varies, ranging from 0-25 months for vowel duration to 0-36 for f, and fo
variability (cf. Figure S6.6 in Supplementary Information). These results highlight the need for an
expansion in the availability of data with a high density of observations across many different age
ranges, as discussed further in section 4.3.

Computational evidence indicates that vowel space expansion can aid speech intelligibility
(De Boer & Kuhl, 2003; Eaves et al., 2016; McMurray et al., 2009; Vallabha et al., 2007), but
beyond considerations of the information content in the speech signal (Golinkoff et al., 2015;
Kalashnikova et al., 2017), the benefits may simply be a product of the social qualities of IDS,
which facilitate learning through increased infant attention (ManyBabies Consortium, 2020;
Werker & McLeod, 1989) and social motivation (Goldstein & Schwade, 2008; Singh et al., 2002).
The question of how specific acoustic properties in IDS may facilitate aspects of infant
development could be pursued with more detailed theory-driven studies of languages with distinct

linguistic systems, as discussed further in section 4.3.
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4.2. Unexplained variability across studies and

languages

Our meta-analytic models revealed a substantial amount of between-study heterogeneity
for each of the acoustic features, especially among the studies reporting measures of f;, fo
variability and articulation rate (cf. Table 1). Some between-study heterogeneity is expected
simply from random sampling error and the mathematics of estimating an effect across a large
number of studies (Mikolajewicz & Komarova, 2019; Song et al., 2001). But some of this
unexplained variance may derive from the inclusion of studies that differ from one another in
meaningful ways, such as in study designs, population sample characteristics, cross-linguistic
diversity, and experimental methodologies (Ruppar, 2020). For example, our results indicated
larger differences between the speech styles in fo, fo variability, and articulation rate for studies
recording parents’ spontaneous speech as opposed to read speech (cf. Figures 3, 4, and 6). Without
a complete characterization of the sources of this unexplained heterogeneity, factors influencing
the generalizability of the effects remain undetermined and therefore constitute an important
avenue for future research.

One source of heterogeneity could be the variability induced by cross-linguistic differences
in IDS. The acoustic features of IDS were shown to vary across languages, many of which relied
on a small number of datapoints and studies, and therefore exhibited substantial uncertainty (cf.
S8 in Supplementary Information). Part of this heterogeneity and cross-linguistic uncertainty may
also depend on the variability caused by subtle differences in phonological systems across
languages. For example, although our results suggest a strong cross-linguistic tendency for

caregivers to produce IDS with an overall slower articulation rate, Church et al. (2005) found that
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the difference in articulation rate between Canadian English ADS and IDS to 8.5- and 11-month-
old infants disappeared when utterance-final syllables were excluded, due to the phonological
tendency for utterance-final syllables to be lengthened in Canadian English (cf. Martin et al., 2016
for similar results for Japanese). Similarly, substantial differences in the number and category of
vowels included in our analysis of vowel duration may influence the generalizability of results in
languages with other types of vowel inventories and phonological systems. Determining the
influence of subtle cross-linguistic differences, such as prosodic phonology, as well as vowel
inventories and phonemes, will be a fruitful area for future investigations. Although we were
unable to accommodate these types of subtle phonological differences between languages in our
analyses, these sources of variability highlight the need for fine-grained, theory-driven
comparisons of the acoustic properties of IDS across different languages and population
characteristics (e.g., gender and ethnicity) as well as careful consideration of the causal
mechanisms involved (Christiansen et al., 2022; Deffner et al., 2021; Trecca et al., 2021).
Another source of the between-study heterogeneity may come from intra-study participant
characteristics. Low sample sizes and tight experimental controls characteristic of infant research
may result in outcomes that are idiosyncratic to particular study conditions (Song et al., 2001).
Between-study differences in participant characteristics, such as gender and kinship, are thus likely
to function as potential sources of unexplained heterogeneity. For example, the high prevalence of
post-partum depression (Gavin et al., 2005; Gelaye et al., 2016) and its attested effects on the
prosodic properties of IDS (Kaplan et al., 2001; Lam-Cassettari & Kohlhoff, 2020; Porritt et al.,
2014) may affect the generalizability of the current results to these population samples. The
developmental status of the infant, moreover, may also function as a potential source of

heterogeneity in IDS properties, as caregivers have been shown to respond differently according
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to the developmental status of the infant (Fusaroli et al., 2019; Nguyen et al., 2022; Woolard et al.,
2022). Future research exploring the effects of diverse speaker characteristics, such as depression,
kinship, gender and infants’ developmental status, would provide important insights into factors
affecting the acoustic properties of IDS.

In order to allow for more fine-grained temporal analyses of how acoustic features of IDS
manifest themselves across early infancy, and to further explore sources of between-study
variability, we encourage researchers to share participant-level data in open repositories. A
cumulative approach to improving the external validity of studies can also be carried out by
conducting experiments across multiple laboratories (e.g., ManyBabies Consortium, 2020),
affording the exploration of within-lab and between-lab variability. Because logistical constraints
may hinder multi-laboratory approaches, we argue that providing access to participant-level data
may represent the easiest, most practical alternative.

Despite the finding of substantial between-study heterogeneity, we should emphasize that
the studies exhibited consistency with each other; that is, the credible intervals for the results of
individual studies showed substantial overlap (cf., Figures S6.1-6.5). Moreover, our meta-analytic
models included random effects by study to address the dependency among effect sizes as well as
predictor variables to explain the heterogeneity between studies. In the following section, we
provide a series of recommendations that will enable a better understanding of the factors

moderating the acoustic properties of caregivers’ IDS.

4.3. Recommendations for Future Research

While solid progress has been made toward examining a wide variety of relevant aspects

of IDS, we have identified various shortcomings that should be addressed in future investigations.
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In the following, we provide several suggestions. First, with the continued rise of day-long
recordings (e.g., Xu et al., 2009) and open archives of acoustic and phonetically transcribed data
(e.g., MacWhinney, 2014), as well as the continued development of techniques to automatically
assess and code large amounts of audio data (e.g., Cychosz et al., 2021; Résénen et al., 2021),
future research can provide an expansion in the availability of cross-linguistic data and a high
density of observations for each participant (e.g., Le Franc et al., 2018). These technological
developments will allow for a more fine-grained resolution and comparison of how IDS differs
across individuals, languages and infant ages. Second, as noted above, to further explore the
functions and learnability afforded by IDS, more theory-driven comparisons across distinct
linguistic systems are needed (Christiansen et al., 2022; Trecca et al., 2021), as well as testable
predictions from computational models disentangling different theoretical accounts. For example,
computational models that explore th