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Chapter 1

Introduction

Infants are born in complex environments full of auditory and visual signals from
which they have to discover rules and meanings. To communicate effectively,
children must learn the names of objects, actions, or events. Infants already start
learning their native language in the womb. At birth, infants show behavioural and
neural evidence of being able to discriminate their native language — which they have
heard in utero — from another language (e.g., May et al., 2011; Mehler et al., 1988;
Moon et al., 2013). At this point, infants are not yet able to segment native words from
continuous speech (see Jusczyk, 1999). By six to nine months of age, however, infants
already know the meanings of some common nouns, such as hands or banana
(Bergelson & Swingley, 2012). After segmenting words from continuous speech,
infants have to learn the meanings of those words. This entails a computational
problem: hearing a novel word and seeing a scene presents the learner with an infinite
number of possible referents. This referential ambiguity is famously referred to as the
“gavagai” problem. Quine (1964) uses the example that hearing a speaker of an
unknown language say “gavagai” when seeing a rabbit, the listener would assume it
translates to rabbit. But how do we know that the speaker is not referring to a smaller
part of the rabbit, such as “furry”, or the activity that the rabbit is performing, like
“hopping”? Infants learning their native language(s) have to solve such referential
ambiguities in the language input they receive from their caregivers in order to learn
word meanings and develop their vocabularies. Previous studies have examined what
information infants can use to do this. For example, research has suggested that infants
may be able to use social cues, such as pointing gestures and body orientation (e.g.,
Baldwin et al., 1996; Grassmann & Tomasello, 2010). Such cues embedded in social
interactions could help infants resolve referential ambiguities and subsequently learn
words. This dissertation investigates social interactions between infants and

caregivers and children’s vocabulary outcomes.



2 Caregiver-infant interactions and child vocabulary

Traditionally, theories of social learning have emphasised the importance of social
interaction for language learning (Bruner, 1983; Vygotsky, 1962). To date, many
studies have found evidence for the impact of social factors on children’s language
development (for reviews, see Hoff, 2006; Kuhl, 2007; Rowe & Weisleder, 2020).
Social interactions are marked by contingency. For example, if an infant reaches for
a rattler and the caregiver hands it over while saying “Here is your rattler”, the
caregiver’s response is contingent because it is quick and appropriate to the infant’s
behaviour (e.g., Skinner, 1986; Tamis-LeMonda et al., 2014). Studies propose four
means through which caregivers’ contingent responses could facilitate learning:
temporal, semantic, pragmatic, and attentional (Kuhl, 2007; Masek et al., 2021a;
Tamis-LeMonda et al., 2014). First, the temporal contingency of a caregiver’s
responses to an infant’s behaviour — when the response occurs shortly after the
behaviour — makes it easier for the infant to understand that the two events are linked
(Jaffe et al., 2001; Keller et al., 1999). Second, the semantic contingency — when the
verbal contents of the response are related to the object or activity that the infant is
paying attention to — could make it easier for the infant to link the contents of the
caregiver’s response to the environment (Baldwin & Markman, 1989; Carpenter et
al., 1998). Third, contingent responses could have a pragmatic function. Infants learn
that they can communicate effectively by producing sounds and gestures, and they
learn the functions of different types of gestures, such as the deictic (i.e., to refer to
an object or person) or requesting (i.e., to obtain an object out of reach) functions of
pointing or reaching gestures, respectively (Blake et al., 1994). They can then use
these communicative acts to establish joint attention, obtain information, and learn
from adults (see Tamis-LeMonda et al., 2014). Lastly, the relationship between
contingent interactions and language learning could be driven by the infant’s
increased attention to the caregiver’s response (Chen et al., 2021; Kuhl., 2007; Masek
et al., 2021a). Despite more than half a century of research in this area, many areas
remain unexplored due to the large complexity of analysing naturalistic caregiver-

infant interactions.
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First, studies have largely focused on caregivers’ verbal responsiveness, while
communication is multimodal. Caregivers’ temporally and semantically contingent
verbal responses to infants’ vocalisation and gestures have been found to predict
children’s vocabulary outcomes (e.g., Bornstein et al., 2008; McGillion et al., 2013;
Olson & Masur, 2015; Tamis-LeMonda et al., 2001; Wu & Gros-Louis, 2015). The
temporal and semantic contingency of the caregiver’s response could make it easier
for the infant to map the phonological form of the word to objects or events, reducing
the referential ambiguity in the language input. Yet, communication is inherently
multimodal with audio and visual information often being provided concurrently.
When an infant points at a doll, and the caregiver says: “What a pretty doll!”, while
showing it to the infant, the infant receives two simultaneous cues for the name of the
object from the caregiver: an audio and a visual cue. The combination of an audio and
visual cue makes the input less ambiguous which could make it easier for the infant
to map the word “doll” onto its meaning referent (e.g., Baldwin et al., 1996; Gogate
et al., 2000). Yet, studies examining the relationship between caregivers’
responsiveness and children’s vocabulary outcomes rarely take caregivers’ nonverbal
or multimodal (i.e., coordinated verbal and nonverbal) responsiveness into account.
A caregiver’s multimodal response potentially minimises referential ambiguity in the

learning context — making this an excellent word-learning opportunity for the infant.

Second, many studies have focused on either the infant or the caregiver and how their
individual behaviours during interactions relate to children’s vocabulary outcomes,
while communication is bidirectional. For example, many studies examined the
association between infants’ pointing gestures and their vocabulary outcomes without
taking into account any of the caregivers’ behaviours (see Colonnesi et al., 2010) or
caregivers’ quality and quantity of language input and their children’s vocabulary
development without taking into account any infants’ behaviours (see Anderson et al.,
2021). Crucially, learning occurs in shared interactions that are constructed by both
the infant and the caregiver (see Renzi et al., 2017). Therefore, the question remains
how children and caregivers jointly contribute to the word learning experience. Chen

et al. (2021) recently found that caregivers’ naming of objects tended to follow
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children’s attention, measured by their looking behaviour, when the object was
unfamiliar to the child. When the object was unfamiliar, caregivers also tended to
touch the object more often while labelling it compared to a familiar object.
Furthermore, when caregivers touched the object while labelling it, this resulted in
extended looking behaviour (i.e., visual attention) by the child (Chen et al., 2021).
This example shows how the infant’s and caregiver’s individual behaviours affect the
other’s behaviours during real-time interactions. In another study, Ger et al. (2018)
found that some infant behaviours, such as hand shape or vocalising during pointing,
influenced caregivers’ responsiveness to infants’ pointing gestures. The study also
found that caregivers’ semantically contingent responses to infants’ pointing gestures
at 10 months related to an increase in infants’ pointing at 12 months. Analysing the
joint behaviours of caregivers and infants helps us to understand how both contribute
to the learning environment, which could improve our understanding of how children

successfully learn words.

The overarching goal of this dissertation is to predict variation in Dutch children’s
vocabulary skills using data from the large-scale, longitudinal YOUth cohort study.
We take a dyadic approach to study the effects of verbal, nonverbal, and multimodal
behaviours during caregiver-infant interactions. To achieve this, we need to annotate
verbal and nonverbal behaviours in caregiver-infant interactions and have reliable
measures of Dutch children’s vocabulary outcomes. This dissertation consists of four
empirical articles that address methodological and theoretical gaps relating to the
overarching goal (Chapters 2—5). This introduction provides a review of the literature,
addresses methodological considerations, identifies the research gaps, and introduces

the research questions driving the four studies.

1.1. Vocabulary and gesture development

Around their first birthdays, infants typically achieve a milestone: The production of
their first word. The first words of infants across the world are remarkably similar.
They typically involve the word for “mother” or “father” (e.g., mommy, daddy)

quickly followed by social routines (e.g., bye, yum yum), animals and animal sounds
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(e.g., woof woof, cat), and foods (e.g., bread, banana) (Frank et al., 2021; Tardif et
al., 2008). While it takes infants some time to start producing their first words, the
rate of vocabulary development speeds up linearly across the second year (Frank et
al., 2021). Studies suggest that children undergo a vocabulary “spurt”, suggesting that
children’s vocabulary developmental rate increases over time (Ganger & Brent, 2004;
cf. McMurray, 2007). Different processes, such as syntactic bootstrapping (i.e.,
learning words by recognising syntactic categories) or mutual exclusivity (i.e., a
constraint which guides children to map unknown words to unfamiliar rather than
familiar referents) make it gradually easier to learn new words by using knowledge of
known words (e.g., Markman, 1991; Naigles & Swensen, 2007; Nazzi & Bertoncini,
2003). Despite the remarkable similarity across languages in children’s first words
and the acceleration in their developmental rates, children’s early development is also
marked by large individual differences in the onset of words and gestures and total

vocabulary size.

The sizes of infants’ vocabularies and gesture repertoires are often measured through
caregiver reports, such as the MacArthur—Bates Communicative Development
Inventories (CDIs) (Fenson et al., 2007). Caregivers receive a list of vocabulary items,
and they mark for each item whether their child understands and/or speaks the word.
For American English 24-month-olds, many children are reported to have small
vocabularies (i.e., zero up to a hundred items on the checklist), while others are
reported to already produce all vocabulary items included on the checklist (i.e., over
six hundred words) (Frank et al., 2021). These caregiver reports were one of the first
reliable tools that could capture variation in infants’ vocabulary on a very large scale.
The results of the first norming study revealed the large individual variability in
children’s vocabulary that is already present before their first birthdays (Fenson et al.,
1994) which has captivated the interest of researchers in this field to date. The large
differences found for infants tend to remain stable throughout childhood (Bornstein
& Putnick., 2012; Fenson et al., 1994) and have lasting effects on children’s later
language, reading, and other social and academic skills (Bleses et al., 2016; Morgan

et al., 2015; Preston et al., 2010). Early talkers remain at an advantage compared to
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late talkers which makes it relevant to study predictors of variation in children’s early

vocabulary development.

Children start communicating long before they produce their first words. From birth,
infants start crying and cooing to grab their caregivers’ attention. They can show facial
expressions like smiling and grimacing to indicate how they feel. By five months of
age, infants have learned that their vocalisations influence the behaviour of others
(Goldstein et al., 2009). At nine months, infants restructure their own vocalisations to
match the phonological patterns that they hear in verbal responses from their
caregivers (Goldstein & Schwade, 2008). Starting from at least ten and twelve months
of age, infants use showing and pointing gestures respectively with the goal to share
attention and interest with others (Boundy et al., 2019; Liszkowski et al., 2004).
Children’s gestures are precursors to and predictors of their later vocabularies. Infants
that produce gestures earlier, produce more types of gestures, or produce higher
gesture rates tend to have larger vocabulary sizes later in life (e.g., Brooks & Meltzoff,
2008; Colonnesi et al., 2010; Rowe & Goldin-Meadow, 2009). One hypothesis is that
by producing gestures, infants create word-learning opportunities for themselves.
Caregivers tend to respond to gestures, particularly to pointing gestures, by providing
timely object labels or other relevant semantic information (Olson & Masur, 2011,
2013; Wu & Gros-Louis, 2015). For example, when an infant points towards a cat,
the caregiver is likely to respond with “That’s a cat!”. The more gestures infants
produce, the more labelling responses they tend to elicit from their caregivers. A
previous study also showed that such labelling responses mediate the relationship
between infants’ gestures and their vocabulary outcomes (Olson & Masur, 2015). This
suggests that infants’ gestures relate to their vocabularies because they tend to elicit

verbally contingent responses from their caregivers.

There are challenges when collecting data on children’s vocabularies and gesture
inventories. For infants, the most common method is collecting caregiver reports.
Using caregiver reports is a cost-effective approach because they do not require

trained lab assistants or lab visits. This is in stark contrast with naturalistic speech
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samples which require lab or home visits and the labour-intensive transcription of
speech data. Yet, caregiver reports are prone to caregiver reporting biases, such as
overreporting based on societal expectations which makes caregivers believe larger
vocabularies are more desirable, or underreporting because caregivers have different
criteria for determining word comprehension (i.e., whether a child understands a
word) (for discussions on this, see Feldman et al., 2000; Tomasello & Mervis, 1994).
Naturalistic speech samples have high ecological validity and do not require any data
interpretations by the caregiver. Yet, recorded speech samples are limited snapshots
which mostly reflect which words or linguistic structures a child uses, while caregiver
reports indicate what a child knows. It is also more difficult to standardise speech
samples and avoid other confounds (discussed in Frank et al., 2021). For toddlers, it
is possible to collect vocabulary data using lab-administered tasks, such as the
Peabody Picture Vocabulary Task (PPVT; Dunn & Dunn, 1997). Although these
could be less influenced by caregivers or the limited durations of speech recordings,
toddlers can be unwilling to cooperate during lab-administered tasks which negatively
influences their performance. To summarise, there are different methods to collect

data on children’s vocabularies, each with its own set of difficulties.

For children growing up in the Netherlands learning Dutch, there are several
standardised vocabulary tasks available. In this dissertation, we used the Dutch
adaptation of the Peabody Picture Vocabulary Task for toddlers (PPVT-III-NL;
Schlichting, 2005). This standardised task measures receptive vocabulary by counting
the number of spoken words that participants can match to one of four pictures. Words
become increasingly more complex. If participants make too many errors (> 8) within
one set of twelve items, the task terminates. For each participant, this results in a raw
score (i.e., total number of correct items) which corresponds to a normed score based
on the child’s age. This task was administered in the lab. Then, we also used caregiver
reports of children’s vocabularies during infancy and toddlerhood. We adapted short
forms of Dutch versions of the CDIs (N-CDIs; Zink & Lejaegere, 2002, 2003). The
N-CDIs were originally designed and normed for children growing up in Belgium

speaking Flemish Dutch. To better match the ages and language of children
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participating in the YOUth cohort study, the N-CDIs had to be adapted in several
ways. First, we used short forms to save time as caregivers in the YOUth cohort study
have to fill out a broad range of questionnaires. We included the gesture scale from
the full-length N-CDI-Words and Gestures which is not normally included when
administering short forms, while this could be a more relevant scale for capturing
individual variation across infants aged 9—11 months (Zink & Lejaegere, 2002).
Second, we changed or removed Flemish Dutch words to better fit the dialect of Dutch
spoken in the Netherlands. Lastly, we combined the N-CDI 2 and N-CDI 3 to better
accommodate the age range of children included in the second measurement wave.
The adaptations make the Nyoum-CDIs more suitable for the participants included in

the YOUth cohort study.

In short, normally developing infants tend to acquire communicative gestures and
words quite rapidly throughout the first few years of life. Despite the consistency in
the types of words and gestures that are acquired first, infants show large variability
in the onset and frequency with which they produce vocalisations and gestures (Frank
et al.,, 2021). These early differences have predictive value for children’s later
language skills and other cognitive outcomes which makes it relevant to 1) identify
which vocabulary tasks are most successful at capturing individual variation across
children in different age groups, and 2) identify factors which can predict some of the

large variability.

1.2. Influences of verbal and nonverbal input

Environmental factors most significantly influence variation in children’s
vocabularies in the early years (see Kidd & Donnelly, 2020). To successfully learn a
language, infants must receive language input to learn from. Research suggests that
caregivers vary widely in the language input they provide to their children. Although
researchers have long focused on the quantity of spoken language input, the contents
of speech and the way that caregivers communicate with their children have a larger
influence on children’s linguistic outcomes (see Anderson et al., 2021; Masek et al.,

2021b). Caregivers of higher socio-economic status tend to provide more speech (i.e.,
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higher quantity) and more diverse speech (i.e., higher quality) which positively affects
their children’s vocabulary development (e.g., Hoff, 2003; Huttenlocher et al., 2010;
Rowe, 2012). Hart and Risley (1995) recorded the number of words that children hear
per waking hour. They found such a large difference between the average number of
words addressed to children from high-income families and low-income families, that
in four years, this difference would add up to a “30-million-word gap” in the language
input (cf. Sperry et al., 2019). Speech quantity and speech quality show differential
effects on children’s vocabularies at different developmental stages (Rowe, 2012). Of
all forms of language input, immediate verbal responses to infants’ vocalisations and
gestures provide unique contributions to children’s vocabulary development (e.g.,
Bornstein et al., 1999; Hoff, 2003; McGillion et al., 2013). McGillion et al. (2013)
found a relation between caregivers’ responsiveness and children’s linguistic
outcomes after controlling for caregivers’ quantity of speech overall. These studies
show the importance of caregivers’ language input for shaping children’s early

learning opportunities.

Besides the quantity and quality of caregivers’ speech, caregivers also differ in the
degree to which they modify the acoustic signal of their speech addressed to infants.
Infant-directed speech (IDS), “baby talk” or “motherese” refers to the spontaneous
prosodic modifications by adults, such as a higher mean pitch, a larger pitch range,
and greater pitch variability, when addressing infants (for a review, see Soderstrom,
2007). These prosodic modifications have been positively related to children’s
vocabulary growth (for a meta-analysis, see Spinelli et al., 2017). It remains debated
how these acoustic properties facilitate children’s vocabularies. Studies have shown
that slow speech improves children’s word recognition abilities (e.g., Song et al.,
2010; Zangl et al., 2005). The results for the pitch of IDS are less conclusive.
Experimental studies have shown that infants only learn novel words when they are
presented in IDS but not in adult-directed speech (ADS) (Estes & Hurley, 2013; Singh
et al., 2009), but the effects of pitch have not been studied in isolation from the other
acoustic properties of IDS. Some studies suggest that the prosody of IDS facilitates

infants’ ability to segment words from continuous speech by highlighting structures
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(Jusczyk et al., 1992; Soderstrom et al., 2008), but Estes and Hurley (2013) showed
that IDS can promote word learning even when it does not serve to function as a cue
for word segmentation. Apart from direct linguistic effects, there may be indirect
effects, such as that children appear to prefer to listen to IDS versus ADS (Fernald,
1985; Dunst et al., 2012; Soderstrom, 2019) which could also enhance their learning
abilities. In short, the degree to which caregivers adjust the acoustics of their speech
signal when addressing infants directly or indirectly influences children’s vocabulary

development.

Apart from spoken language, caregivers also use a range of nonverbal behaviours,
such as gestures or touch, to communicate with their infants. Previous studies found
that children use gaze direction, body orientation, and index-finger pointing as cues
to learn the reference of novel words (e.g., Baldwin et al., 1996; Grassmann &
Tomasello, 2010). Caregivers’ actions directed at infants are less complex, closer in
proximity, have a larger range of motion, and contain more repetitions compared to
actions directed at other adults, which has been referred to as “motionese” (Brand et
al., 2002). Brand et al. (2002) hypothesised that these modifications in caregivers’
nonverbal communication have a similar function as the modifications in the acoustic
signal of speech addressed to infants: To maintain infants’ attention and to highlight
structures and meaning. While letting caregivers teach new words to their infants
during recorded play sessions, Gogate et al. (2000) found that most maternal
utterances are multimodal — involving audio and visual information including gestures
or touch — and 60% of utterances are temporally synchronous with object motion.
Similarly, Vigliocco et al. (2019) found that approximately 40% of all maternal
utterances during caregiver-toddler interactions with a set of toys were accompanied
by iconic gestures, representational gestures, or other hand actions, such as deictic
gestures or depicting actions (e.g., demonstrating the use of a toy). Infants can use
synchronised information from an early age. For example, intersensory redundancy,
such as the simultaneous showing and naming of an object, helps preverbal infants to

map vowel sounds onto objects (Gogate & Bahrick, 1998). Therefore, nonverbal
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behaviours could facilitate children’s vocabulary development by both reducing

referential ambiguity and increasing infants’ attention.

Verbal language input (e.g., quantity, quality, contents, acoustics) is typically studied
through audio or video recordings, while nonverbal behaviours (e.g., gestures, facial
expressions) are studied through video observations. Caregivers and their infants
typically visit the lab where the audio or video recording takes place in a controlled
environment, or researchers visit people’s homes for more ecologically valid data. To
convert audio and video recordings into data which can be analysed, researchers have
to carry out the time-consuming and labour-intensive task of data transcription and
annotation. Typically, this involves the manual transcription of speech data and/or the
manual annotation of nonverbal behaviours, such as predefined communicative
gestures. Segmenting, annotating, and transcribing an hour of speech can take up to
fifty hours in total, including the verification of quality (Barras et al., 2001).
Annotating the content of videos frame by frame takes even longer, depending on the
number of different nonverbal behaviours being analysed. Therefore, the annotation
of audio and video recordings is a challenging, lengthy, and expensive task. The
difficulties with the manual annotation process can also lead to smaller sample sizes
which can be problematic if there is not enough statistical power (see Oakes, 2017).
In the YOUth cohort study, caregiver-infant interactions are recorded in the lab.
Although lab observations are more artificial than home observations, the clear
advantage is that this is a controlled environment where all dyads are recorded in the
same room using the same standard set of toys. This makes the data across dyads

highly comparable.

1.3. YOUth cohort study

The data presented in this dissertation are derived from the longitudinal YOUth cohort
study run at Utrecht University and the University Medical Centre Utrecht (see
Onland-Moret et al., 2020) which is part of the Consortium on Individual
Development (CID). The consortium investigates the interplay of child characteristics

and environmental factors and how these inform and predict individual differences in
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children’s social competence and self-regulation. Social competence includes
communicative competence which reflects children’s knowledge and ability to use
language appropriately and effectively (Fabes et al., 2006; Hymes, 1972).
Communication skills are important foundational skills underlying social competence
(e.g., Rose-Krasnor, 1997). Children with better language abilities tend to have more
social competence, which reduces the risk of behavioural and emotional problems and
increases their functioning in society (for a review, see Junge et al., 2020). The
research conducted for this dissertation is a subproject of CID which focuses on
children’s linguistic outcomes. More specifically, children’s productive and receptive
vocabulary size. Children’s vocabulary sizes significantly predict their subsequent
language and literacy achievement (e.g., Bleses et al., 2016; Lee, 2011; Morgan et al.,
2015) making vocabulary size a good early indicator of children’s later language
skills. Therefore, the findings presented in this dissertation inform the overarching
goal of CID: how child characteristics and environmental factors result in individual

differences in the development of social competence.

YOUth stands for “Youth Of Utrecht”. The cohort study follows ca. 2,500 infants
from the womb into childhood. Data collection started in 2013 and finished in 2023.
Throughout this period, all pregnant women in the province of Utrecht in the
Netherlands could start participating in the cohort study. The province of Utrecht is a
densely populated region that contains both urban and rural areas. Children were only
excluded from participating if they were mentally or physically incapable of
completing the tasks during the lab visit. All participants were required to understand
Dutch for all the information, instructions, and questionnaires (Onland-Moret et al.,
2020). There were two measurement waves during infancy (“Around 0”): When the
infant was around 5 months of age and around 10 months of age. Then, there was a
follow-up wave when the infant was 2—4 years of age (“Around 3”). During all
measurement waves, we collected videos of caregiver-child interactions. When the
infant was around 10 months of age, we collected the first caregiver report on
children’s word production, word comprehension, and gesture repertoires (Nyouth-

CDI 1) which we used to determine infants’ concurrent vocabulary outcomes. When
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the infant was around 3 years of age, we collected another caregiver report on
children’s word production (Nyoun-CDI 2). We also administered the PPVT-III-NL
measuring children’s receptive vocabularies during this wave. We used these
measures to predict children’s longitudinal vocabulary outcomes in this dissertation.
By using a lab-administered task alongside caregiver reports, we minimise the
chances that the interpretations of our results are affected by caregiver reporting biases
in the data. During both measurement waves, caregivers also filled out a range of other
questionnaires which we use to determine caregivers’ socio-economic status,
children’s gestational age and birthweight, and the languages spoken at home for the

studies included in this dissertation.

The YOUth cohort study results in a large dataset of children including several
vocabulary outcome measures across children’s development. This makes the YOUth
cohort study an ideal dataset to answer questions on the large variability in children’s
vocabulary development. We can address questions such as the onset and stability of
the effects of different predictors of variation in children’s vocabulary over time. In
addition, we can study whether the effects of these factors are consistent in terms of
their strength and direction across different vocabulary outcomes, such as vocabulary
production, vocabulary comprehension, or gesture repertoires, and across different
measurement methods; namely, caregiver reports and the lab-administered task.
Lastly, we can assess whether behavioural measures of early infant-caregiver
interactions can predict variation in children’s concurrent (i.e., at the time the infant-
caregiver interactions were observed) and longitudinal (i.e., at a later point in time)
vocabulary outcomes. Yet, such a large dataset presents a clear challenge. It is time-
consuming and labour-intensive to annotate all data. In the YOUth cohort study, we
have used digitised and automated versions of the caregiver reports and PPVT-III-NL
receptive vocabulary task which drastically speeds up data processing. Therefore, this
challenge is relevant for analysing the video data obtained during the caregiver-child

interaction task.
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1.4. Research gaps

In this section, we identify five methodological and theoretical research gaps from the
literature discussed above. The first gap concerns a methodological issue regarding
data annotation. The labour-intensive process of manually annotating speech data can
become an issue when working with large datasets. While existing automated tools
could speed up the manual annotation process, their effectiveness for the annotation
of IDS is currently unknown. A growing number of automatic speech recognition
(ASR) tools developed for ADS are available cross-linguistically, but IDS has specific
acoustic properties that might pose a challenge for tools developed for ADS. Using a
large sample from a cohort study raises the question of whether we can improve the
time that is currently needed for the manual annotation process. This would allow
smaller-scale research projects to include more data collected within cohort studies.

The first gap related to data annotation is as follows:

Gap 1: The effectiveness of existing ASR tools for the automatic

annotation of Dutch IDS is currently unknown.

The second gap concerns a methodological issue regarding the validity of caregiver
reports of Dutch children’s vocabularies. There are currently no normed or validated
caregiver reports of infants’ and toddlers’ vocabulary for Dutch children growing up
in the Netherlands specifically. The N-CDIs were developed for Flemish Dutch (Zink
& Lejaegere, 2002, 2003). Adaptations of CDIs in other languages have two
advantages: they allow for testing similarities in cross-linguistic patterns (e.g., Frank
et al., 2021) as well as offering a unified tool suitable for a wide range of languages
to examine individual variation in vocabulary development (e.g., Cristia et al., 2014).
To make the N-CDIs more suitable for the participants included in the YOUth cohort
study, they were adapted in several ways — including removing or replacing Dutch
Flemish items to better fit the dialect of Dutch spoken in the Netherlands. These

adaptations require us to examine the validity and reliability of the Nyoum-CDIs before
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we continue to use them to study individual variation in Dutch children’s

vocabularies. The second gap related to caregiver reports of vocabulary is as follows:

Gap 2: The adapted N-CDIs used in the YOUth cohort study need
to be examined for their validity and reliability before we

continue to use them to study variation in children’s vocabularies.

The third gap is a knowledge gap concerning the onset and stability of well-known
demographic predictors of variation in children’s vocabularies. A limited number of
studies have examined demographic predictors, such as children’s gender and
maternal education, on vocabulary outcomes from infancy to toddlerhood within one
large, longitudinal sample. Previous studies often report different findings regarding
such predictors. For example, girls outperform boys on many vocabulary scales
included in the CDIs (Frank et al., 2021; Reese & Read, 2000; Zink & Lejaegere,
2002, cf. Bavin et al., 2008). In contrast, previous studies using naturalistic speech
samples or lab-administered tasks of children’s receptive vocabulary often do not find
gender differences (Huttenlocher et al., 2010; Pan et al., 2004), although these
findings are inconsistent (Bornstein & Haynes., 1998; Frank et al., 2021). Similarly,
some studies report positive effects of maternal education on toddlers’ vocabularies
(Feldman et al., 2000; Fenson et al., 2007, cf. Reese & Read, 2000), while some
studies report negative effects of maternal education on infants’ vocabularies (Bavin
et al., 2008; Feldman et al., 2000; Reese & Read, 2000). The uncertainty regarding
the onset and stability of well-known demographic predictors of variation raises the
question of whether the effects are age-specific or task-specific. Discrepancies in
research findings between studies could be caused by differences in sample
characteristics, task characteristics, or different developmental stages of children
included in the studies. If they are caused by task characteristics, these differences
question the validity of the vocabulary tasks. The third gap concerning a theoretical

issue relating to the onset and stability of demographic predictors is:
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Gap 3: We do not know whether well-known demographic
predictors of variation in Dutch children's vocabularies are age-

specific or task-specific.

The fourth gap concerns a theoretical gap related to dyadic behaviours during
caregiver-infant interactions. The influence of infants’ behaviours or caregivers’
responses on children’s vocabulary is often studied from the perspective of the infant
or the caregiver. Typically, previous studies either examined the influence of infants’
vocalisations and gestures or the influence of caregivers’ language input on children’s
vocabulary outcomes. Yet, word learning during interactions requires dyadic
behaviours from the infant and their caregiver to optimise learning (see Renzi et al.,
2017). The contributions of only the child or the caregiver may not be sufficient to
explain how certain behaviours during caregiver-infant interactions relate to
children’s vocabularies over time, especially because the behaviours of the child are
dependent on the behaviours of the caregiver and vice versa. Previous studies suggest
that infants’ gestures are significantly related to their vocabulary development
because they tend to elicit contingent verbal responses from caregivers (Olson &
Masur, 2015). Infants’ behaviours that elicited contingent responses from caregivers
are better predictors of children’s vocabulary than infants’ behaviours regardless of
caregivers’ responses, suggesting that learning is optimised when caregivers respond
to infant behaviours with appropriate language (Donnellan et al., 2019). The
influences of different dyadic combinations of infants’ behaviours and caregivers’
responses on children’s vocabulary outcomes have not been studied systematically.
The fourth gap concerns the unknown relationship between dyadic behaviours and

children’s vocabulary outcomes:

Gap 4: The influences of different dyadic combinations of infants’
vocalisations and gestures and caregivers’ responses on children’s

vocabulary outcomes is currently unknown.
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The last gap also concerns a theoretical issue related to caregivers’ responsiveness.
Previous studies on caregivers’ responsiveness have predominantly focused on verbal
language (Bornstein et al., 2008; McGillion et al., 2013; Olson & Masur, 2015; Tamis-
LeMonda et al., 2001; Wu & Gros-Louis, 2015). Yet caregivers’ communication with
infants is multimodal (Gogate et al., 2000; Vigliocco et al., 2019). Previous studies
have shown that language input contains overlapping information in the verbal and
nonverbal domains that could facilitate children’s vocabulary development (Gogate
& Babhrick, 1998; Gogate et al., 2000). Studying language input from a multimodal
perspective 1) gives us more ecologically valid data on dyadic behaviours during early
caregiver-infant interactions which better describe infants’ learning environments,
and 2) allows us to analyse the contributions of such multimodal and dyadic
behaviours in explaining variation in children’s vocabulary outcomes. This informs
us which specific aspects of infants’ learning environments contribute to their

vocabulary development, which can inform theory and intervention studies. The fifth

gap is:

Gap 5: The influence of caregivers’ multimodal responses on

children’s vocabulary outcomes is currently unknown.

The overarching goal of this dissertation is to predict variation in Dutch children’s
vocabulary outcomes using data from the large-scale, longitudinal YOUth cohort
study. We conducted four empirical studies to address the research gaps. Addressing
the research gaps improves our understanding of variability in Dutch children’s
vocabulary outcomes, and the role of dyadic and multimodal behaviours of caregiver-
infant interactions in explaining part of this variation. We introduce each study and

the research questions below.

1.5. Chapter overviews and research questions
To address the methodological and theoretical gaps in the literature, we analyse the

performance of open-source automated tools on an existing corpus of Dutch IDS in
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Chapter 2. We analyse concurrent and longitudinal vocabulary outcomes obtained via
caregiver reports, when the children were around 10 months and around 3 years of
age, and a lab-administered task of children’s receptive vocabularies when the
children were around 3 years of age in Chapters 3 and 5. We analyse video data from
caregiver-infant interactions when the infants were around 10 months of age in
Chapters 4 and 5. Working with longitudinal data from a large cohort study provides
us with unique opportunities to study a large sample of caregiver-infant dyads using

multiple vocabulary outcomes collected across children’s development.

Chapter 2 explores a methodological issue related to data annotation. We aim to
examine the effectiveness of open-source ASR tools for the annotation of Dutch IDS.
Research with infants is often limited to small samples because it is difficult,
expensive, and time-consuming to recruit infants (see Oakes, 2017). Large-scale
cohort studies provide us with much larger research samples compared to what is
normally feasible within single research projects. However, such large samples come
with another challenge: We still need to manually annotate all the raw data. In many
languages, open-source ASR tools have been trained on ADS which could facilitate
the manual annotation process. However, the speech register IDS has specific acoustic
properties compared to ADS, such as a higher mean pitch, a larger pitch range, and a
slower speech rate, which might pose a challenge for ASR tools developed for ADS.
While these acoustic properties facilitate children’s word recognition abilities (e.g.,
Estes & Hurley, 2013; Singh et al., 2009; Song et al., 2010; Zangl et al., 2005), they
might hinder the performance of ASR tools which acoustic models are trained on ADS
(Kirchhoff & Schimmel, 2005). To examine the accuracy of open-source ASR tools
for the annotation of Dutch IDS, we need an annotated corpus of Dutch IDS. The
caregiver-infant interactions collected in the YOUth cohort study are not yet
transcribed at the level necessary for ASR. Therefore, we will use the Dutch part of
the cross-linguistic corpus of Dutch and Mandarin Chinese IDS for this chapter (Han,
2019). Comparing the automatic annotations to the manual annotations allows us to
assess the accuracy of the ASR tools for the annotation of Dutch IDS. If we can

successfully use open-source ASR tools to facilitate the annotation process of IDS,
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this could drastically speed up research in this area. Thus, the first research question

addressed in Chapter 2 is:

RQ 1: To what extent can we use open-source ASR tools to

successfully transcribe Dutch IDS?

In Chapter 3, we first aim to address the second research gap related to caregiver
reporting of Dutch children’s vocabularies. We assess the validity and reliability of
the Nvoum-CDIs before we continue to use them to examine individual variability
across children’s vocabularies. We achieve this by calculating the reliability of each
scale included in the Nyoun-CDlIs separately, as well as determining the concurrent
and predictive validity of each scale — also with another standardised task of children’s
receptive vocabulary (i.e., PPVT-III-NL). The second research question addressing a

methodological issue is:

RQ 2: Are the Nyouu-CDIs valid and reliable measures of Dutch

children’s vocabulary?

Then, we also address the third gap concerning the onset and stability of well-known
predictors of variation in children’s vocabulary outcomes. We examine whether
certain demographic effects on children’s vocabulary, such as children’s gender and
maternal education, are age-specific and task-specific. While these factors have been
studied extensively, they have rarely been studied within one large, longitudinal
sample using different vocabulary outcome measures across children’s development.
This provides us with more insights into the stability of these effects over time while

keeping the sample constant. The third research question is:

RQ 3: Are demographic predictors of variation in children’s

vocabularies age-specific and task-specific?
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Chapter 4 explores methodological issues and knowledge gaps concerning dyadic and
multimodal behaviours during caregiver-infant interactions. Before we can assess the
influences of dyadic and multimodal behaviours on children’s vocabulary outcomes,
we first have to develop and test a new coding scheme including infants’ vocalisations
and gestures and caregivers’ verbal and nonverbal responses that might help infants
disambiguate word-referent relations in the learning environment, such as gestures or
body orientation. In this chapter, we present a characterisation of 9- to 11-month-old
infants’ vocalisations and gestures and their caregivers’ verbal, nonverbal, and
multimodal (i.e., verbal and nonverbal) responses during free play. Then, we examine
whether different infants’ vocalisations and gestures elicited different rates and types
of verbal, nonverbal, and multimodal responses from caregivers. We examine this
through statistical analyses of co-occurring infant behaviours and caregiver responses.
This informs us to what extent infants influence their caregivers’ responsiveness
during caregiver-infant interactions, thereby shaping their own early learning

environments. The research questions are:

RQ 4: What types of caregivers’ verbal, nonverbal, and
multimodal responses to infants’ vocalisations and gestures do we

observe during free play?

RQ 5: Do caregivers’ verbal, nonverbal, and multimodal responses

differ as a function of infants’ vocalisations or gestures?

In Chapter 5, we assess whether different combinations of dyadic behaviours (i.e.,
coupled infant behaviours and caregiver verbal and multimodal responses) are better
predictors of children’s concurrent and longitudinal vocabulary outcomes than
infants’ individual behaviours. Previous studies have largely focused on the
contributions of infants’ individual behaviours, particularly infant gestures, in
explaining variation in children’s vocabulary development (e.g., Brooks & Meltzoff,

2008; Colonnesi et al., 2010; Rowe & Goldin-Meadow, 2009). Other studies have
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shown that caregivers’ responses to the infants’ behaviours are correlated with child
vocabulary (e.g., Bornstein et al., 2008; McGillion et al., 2013; Olson & Masur, 2015;
Tamis-LeMonda et al., 2001; Wu & Gros-Louis, 2015), and they appear to mediate
the relationship between infants’ gestures and child vocabulary (see Olson & Masur,
2015). If infants’ behaviours predict children’s vocabulary outcomes because they
tend to elicit contingent responses from caregivers during interactions, we expect that
the dyadic combinations of infants’ behaviours and caregivers’ responses explain
more variation in children’s vocabularies. We also expect that caregivers’ multimodal
responses facilitate children’s vocabulary development. If so, this would highlight the
importance of studying dyadic and multimodal combinations of behaviours during
real-time caregiver-infant interactions and adds to our understanding of the
mechanisms underlying the facilitative role of infants’ vocalisations and gestures in

their vocabulary development. The last research question is:

RQ 6: Do dyadic combinations of infants’ vocalisations and
gestures (shows+gives and points) and caregivers’ verbal and
multimodal responses during free play improve the predictive value of

infants’ behaviours for children’s vocabulary outcomes?

Chapter 6 contains a general discussion of all chapters. The research findings
presented and discussed in this dissertation lead to recommendations for other
researchers, highlight potential issues when studying large datasets, inform theory,

and provide us with new directions for future studies.

1.6. Publication status of chapters
e  Chapter 2: van der Klis, A., Adriaans, F., Han, M., & Kager, R. (2023).
Using open-source automatic speech recognition tools for the annotation of
Dutch infant-directed speech. Multimodal Technologies and Interaction,

7(7), 68. https://doi.org/10.3390/mti7070068
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e  Chapter 3: van der Klis, A., Junge, C., Adriaans, F., & Kager, R.
(submitted). Caregiver reports of Dutch children’s vocabularies: Effects on
vocabulary are age-specific and task-specific.

e  Chapter 4: van der Klis, A., Adriaans, F., & Kager, R. (2023). Infants’
behaviours elicit different verbal, nonverbal, and multimodal responses
from caregivers during early play. Infant Behavior and Development, 71,
101828.

e Chapter 5: van der Klis, A., Junge, C., Adriaans, F., & Kager, R.
(submitted). The role of dyadic coordination of infants’ behaviours and
caregivers’ verbal and multimodal responses in predicting vocabulary

outcomes.
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Chapter 2

Using open-source automatic speech recognition tools for

the annotation of Dutch infant-directed speech

Abstract

There is a large interest in the annotation of speech addressed to infants. Infant-
directed speech (IDS) has acoustic properties that might pose a challenge to automatic
speech recognition (ASR) tools which have been developed for adult-directed speech
(ADS). While ASR tools could potentially speed up the annotation process, their
effectiveness on this speech register is currently unknown. In this study, we assessed
to what extent open-source ASR tools can successfully transcribe IDS. We used
speech data from 21 Dutch mothers reading picture books containing target words to
their 18- and 24-month-old children (IDS) and the experimenter (ADS). In
Experiment 1, we examined how the ASR tool Kaldi-NL performs at annotating target
words in IDS vs. ADS. We found that Kaldi-NL only found 55.8% of target words in
IDS, while it annotated 66.8% correctly in ADS. In Experiment 2, we aimed to assess
the difficulties in annotating IDS more broadly by transcribing all IDS utterances
manually and comparing the word error rates (WERs) of two different ASR systems:
Kaldi-NL and WhisperX. We found that WhisperX performs significantly better than
Kaldi-NL. While there is much room for improvement, the results show that automatic
transcriptions provide a promising starting point for researchers who have to

transcribe large amounts of speech directed at infants.

This chapter has been published as:
van der Klis, A., Adriaans, F., Han, M., & Kager, R. (2023). Using open-source
automatic speech recognition tools for the annotation of Dutch infant-directed speech.

Multimodal Technologies and Interaction, 7(7), 68.
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2.1. Introduction

When addressing infants, adults spontaneously adopt a different speech register
referred to as infant-directed speech (IDS) or baby talk (e.g., Fernald & Simon, 1984;
Fernald et al., 1989; Kuhl et al., 1997). This speech register is characterised by a
variety of intonational and prosodic characteristics, including a higher mean pitch, a
larger pitch range, and greater pitch variability compared to adult-directed speech
(ADS) (for a review, see Soderstrom, 2007). IDS has also been found to have a slower
speech rate than ADS in many languages, including Dutch (Johnson et al., 2013; Han
et al,, 2021). Many studies have reported positive links between the acoustic
properties of IDS and children's linguistic outcomes (for a meta-analysis, see Spinelli

et al., 2017). The mechanisms driving this relationship are still widely debated.

Previous studies have shown that slow speech improves children’s word recognition
performance (Song et al., 2010; Zangl et al., 2005). Han et al. (2021) showed that
Dutch mothers slowed down speech when introducing unfamiliar words compared to
familiar words. The results are less conclusive for pitch. In Singh et al. (2009), 7- and
8-month-old infants were able to recognise words that were previously presented in
IDS but not when they were presented in ADS. Similarly, Estes and Hurley (2013)
showed that 17.5-month-old children only learned novel words in IDS but not in ADS.
The effects of pitch have not been studied in isolation, thus it remains unclear whether
the facilitative effects of pitch on word recognition can be attributed to pitch alone. In
addition, Han et al. (2020) found that Dutch mothers increase pitch for familiar words,
while Chinese mothers increase pitch for unfamiliar words. Pitch may function
differently in these languages, and it remains unclear how pitch facilitates learning. It
has also been suggested that infants prefer listening to IDS over ADS (Fernald, 1985;
Dunst et al., 2012), indirectly facilitating the learning process.

The exaggerated prosody of IDS may also facilitate the learning of vowel categories.
Kuhl et al. (1997) suggested that vowels in IDS are acoustically more extreme,

containing larger vowel spaces than vowels produced in ADS, leading to this
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hypothesis. Recent studies have reported that IDS vowels are produced with higher
variability compared to vowels in ADS (Cristia & Seidl, 2014; Miyazawa et al., 2017),
resulting in more overlap between vowel categories in IDS. Adriaans and Swingley
(2017) proposed that among this high variability, however, mothers produce
exaggerated high-quality instances of vowels which could facilitate vowel
categorisation. The trade-off between larger vowel spaces, higher variability, smaller

contrasts, and the presence of high-quality tokens in the input remains to be seen.

There seems to be a general trend of IDS becoming prosodically more like ADS as
children grow older (e.g., Kitamura et al., 2001). Specifically, Han et al. (2020) found
that utterance mean pitch was significantly lower when Dutch mothers addressed their
24-month-old infants compared to addressing their 18-month-old infants, even though
utterance mean pitch was still higher in IDS than ADS at both ages. Sjons et al. (2017)
found an increase in articulation rate of Swedish IDS from 7 to 33 months suggesting
that the articulation rate of IDS becomes more similar to the articulation rate of ADS
as children grow older. Nevertheless, IDS was still slower than ADS. Han et al.
(2021), on the other hand, did not find any evidence for age-related changes in
articulation rate in Dutch IDS from 18 to 24 months, and speaking rate remained
slower compared to ADS. Age-related effects vary cross-linguistically, but there is a

trend of IDS becoming acoustically more like ADS over time.

To identify and analyse the distinctive properties of IDS, and subsequently advance
our understanding of the role of IDS in language development, it is essential to collect
and transcribe IDS in many languages and across many speakers, for infants at
different ages. Preparing speech data for analysis takes a notoriously long time.
Segmenting, annotating, and transcribing an hour of speech, including verifying the
quality of the transcription, can take up to fifty hours in total depending on the contents
(Barras et al., 2001). Using automatic transcriptions may serve as a good starting point
to diminish the time needed for manual annotation. Depending on the research aims
and the accuracy needed to accomplish these, automatic transcriptions may be used

as a starting point and then manually corrected by a human annotator to save time (see
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Gaur et al., 2016). Tools are being developed to generate automatic annotations which
would benefit research on IDS by speeding up the annotation process (e.g., Burnham
et al., 2016). Currently, it is still common practice in the field to transcribe speech
manually. To date, studies have not yet addressed to what extent we could use off-
the-shelf ASR tools to facilitate the annotation process of IDS. The current study
assessed the performance of ASR tools in the annotation of Dutch speech directed at
18-month-old and 24-month-old infants. In Experiment 1, we examined how the ASR
tool Kaldi-NL performs at annotating target words in IDS vs. ADS. In Experiment 2,
we examined the performance on IDS more broadly by testing two different ASR
systems (Kaldi-NL and WhisperX) on the complete set of IDS utterances. We
compared their performance in terms of word error rates (WERs). The experiments
inform us to what extent off-the-shelf ASR tools trained on ADS are successful at

annotating Dutch IDS.

2.1.1. Previous work

Automatic speech recognition (ASR) is the process of generating text representations
for acoustic speech input. ASR systems have components which require extensive
training, such as an acoustic model and a language model. The acoustic model learns
from audio recordings combined with phonetic transcriptions, creating statistical
representations of speech sounds. Many ASR systems are using deep neural networks
to create these representations, drastically improving their automatic transcription
performance (e.g., Mohamed et al., 2012). The acoustic model translates the audio
signal into a sequence of the most probable phonemes. The language model learns
from a large corpus of transcribed speech, creating statistical probabilities of word
sequences in the language. The ASR system combines the two models to produce the

most likely written transcription of the signal as output.

Previous studies have examined whether certain acoustic features can predict ASR
errors. Fast speech and extremely long word durations are both related to higher error
rates (e.g., Goldwater et al., 2010; Kawahara et al., 2003; Shinozaki et al., 2001).

Goldwater et al. (2010) found that extreme values of pitch and intensity also increase
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error rates. In addition, an analysis of two human-computer dialogue systems shows
that misrecognised utterances are associated with pitch excursions, loudness, and
longer duration (Hirschberg et al., 2004). The authors marked these as instances of
hyperarticulated speech. Importantly, some of these features (i.e., above-average
mean pitch and pitch range, below-average speech rate) are similar to the typical

features of IDS.

Precisely because IDS is highly variable and exaggerated speech, it may also serve as
good training data resulting in more robust models (Kirchhoff & Schimmel, 2005;
Shinozaki et al., 2009). The acoustic characteristics of ID — potentially resulting in
phonetic categories that are well separated in the input space — could also aid phonetic
classification using Gaussian mixture models. Kirchhoff and Schimmel (2005) trained
an ASR system on IDS, using recordings of 22 American English mothers addressing
their 2- to 5- month-old infants, and another one on ADS, using the same mothers
addressing the adult experimenter. The ADS-trained system was highly accurate at
recognising target words in ADS (95.5%) but less in IDS (81.6%). The system trained
on IDS was notably better at recognising target words in IDS (93.5%), but the IDS-
trained system did not perform as well on recognising the same target words in ADS
(90.2%) (Kirchhoff & Schimmel, 2005). These results indicate that a matched system
(i.e., trained and tested on the same speech register) produces the best recognition
results. The largest degradation in performance is found when an ASR system trained
on ADS is used for the recognition of IDS which is the more variable speech register.
Nevertheless, the authors used a relatively small set of training data (utterances by 22
speakers). Currently, we do not know whether an ASR system trained on a much
larger ADS data set contains more robust models that are more suitable for the

recognition of IDS.

2.2. Experiment 1
In the first experiment, we aimed to assess to what extent an open-source ASR tool,
Kaldi-NL, was successful at annotating target words in continuous, semi-naturalistic

IDS. This is the first study to 1) address this question for Dutch, 2) use a readily
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available open-source ASR tool, 3) compare the recognition performance of IDS
addressed to different age groups, and 4) examine the effects of different acoustic
features (i.e., mean pitch, pitch range, and articulation rate) on recognition accuracy.
While acoustic deviations in pitch and speech rate support children’s word recognition
abilities (e.g., Estes & Hurley, 2013; Singh et al., 2009; Song et al., 2010; Zangl et al.,
2005), previous studies have shown that these may have negative effects on ASR
performance (e.g., Goldwater et al., 2010; Kawahara et al., 2003; Shinozaki et al.,
2001). Given that ASR performance is negatively affected by acoustic deviations, and
that Dutch IDS is marked by a higher mean pitch and slower speech rate compared to
Dutch ADS, we would expect that an ASR system trained on Dutch ADS exhibits
lower performance when transcribing Dutch IDS. Very few studies have assessed the
accuracy of ASR systems at transcribing IDS, and none so far for Dutch. It is
important to verify whether research findings generalise to other languages. First, we
compared the accuracy of Kaldi-NL at transcribing target words produced by Dutch
mothers in continuous IDS directed at 18-month-old children and 24-month-old
children and the same target words produced in ADS. Then, we examined which
acoustic features affected speech recognition accuracy using a logistic mixed-effects
model. The results informed us to what extent an off-the-shelf ASR tool can
successfully transcribe IDS