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lary. We used longitudinal eye-tracking data (n = 118) to

ability processing abilities at ages 6, 10, and 18 months.
Infants' ability to efficiently solve these tasks was used to
predict vocabulary size at age 18 months. We demonstrate
that the ability to make audio—visual associations and to
predict sequences of visual events predicts vocabulary
size in toddlers (accounting for 20% of the variance). Our

results indicate that statistical learning in some, but not all,

domains have a role in vocabulary development.

1 | INTRODUCTION

Learning a first language is an enormous task. Already at 6 months of age, infants seem to have
vocabulary knowledge about everyday words (Bergelson & Swingley, 2012; Karmiloff &

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and

reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.

© 2022 The Authors. Infancy published by Wiley Periodicals LLC on behalf of International Congress of Infant Studies.

700 Infancy. 2022;27:700-719. wileyonlinelibrary.com/journal/infa


https://orcid.org/0000-0002-9696-1919
https://orcid.org/0000-0003-0208-4212
https://orcid.org/0000-0003-1326-6177
http://creativecommons.org/licenses/by-nc/4.0/
https://wileyonlinelibrary.com/journal/infa

GERBRAND ET AL.

r THE OFFICIAL JOURNAL OF THE 701
I I \I INTERNATIONAL CONGRESS—W[ ] EY
3 | OF INFANT STUDIES

Karmiloff-Smith, 2009), suggesting that vocabulary learning starts well before 6 months, and contin-
ues at a brisk pace throughout childhood (Kidd & Donnelly, 2020). By age 18 months, children on
average have a vocabulary of roughly 200 words (Dale & Fenson, 1996), extending to approximately
2600 words by the time they reach school age (Kidd & Donnelly, 2020). However, the mechanisms
behind this rapid increase in infant vocabulary are currently not well understood.

Statistical learning is posited to be one important, early contributor to vocabulary size (Frost
et al., 2015; Saffran, 2009; Smith et al., 2018). Often conceptualized as a general ability to detect and
learn from statistical regularities and probabilistic relations in the environment, it allows infants to
detect and learn from statistical structures present within languages and to segment words in a given
language (Arciuli & Conway, 2018; Romberg & Saffran, 2010; Saffran, 2009). Word segmentation,
in turn, has been proposed to be an important building block for early vocabulary learning—as it
aids in constraining the beginning and end of words (e.g., it is “you and I, not “youa ndi”’) and the
definition of words (Karmiloff & Karmiloff-Smith, 2009; Kidd & Donnelly, 2020). Infants can detect
transitional probabilities (the likelihood that one syllable follows another) in a given language as well
as tell apart speech sounds by attending to phonetic variation within artificial languages, and then use
this information to perform word segmentation (Lany & Saffran, 2013; Maye et al., 2002; Romberg &
Saffran, 2010; Saffran et al., 2009). Thus, statistical learning seems to support specific mechanisms
of building vocabulary.

Although conceptualized as a general ability to detect and learn from statistical regularities (Arci-
uli & Conway, 2018; Romberg & Saffran, 2010; Saffran, 2009), statistical learning is often more
narrowly operationalized as the ability to extract transitional probabilities in streams of sounds from
natural or artificial languages. Furthermore, it has been argued that statistical learning, as traditionally
operationalized, might include additional cognitive mechanisms (e.g., short-term memory) to the abil-
ity to detect and learn from statistical regularities and probabilistic relations (Arciuli & Conway, 2018;
Siegelman et al., 2017). Related to this, there are indications that traditional statistical learning meas-
urements are not very reliable (Cristia et al., 2016). While some have argued that this makes it difficult
to capture individual differences in a meaningful way (Arnon, 2020; Siegelman et al., 2017), others
have argued for a multi-component view of statistical learning, including separable components of
encoding, retention, and abstraction (Arciuli & Conway, 2018). A recent review highlights the need
to move from a narrow definition of statistical learning to a more ecologically relevant model that
acknowledges that multiple mechanisms and process levels are involved in learning regularities in
real life, both within and beyond the linguistic domain (Frost et al., 2019). In other words, infants
should need the ability to process statistical information in general in order to detect statistical struc-
tures in languages (e.g., transitional probabilities) in the first place (Arciuli & Conway, 2018; Frost
et al., 2019).

Here, we take a novel complementary approach to previous research, in line with the suggestion
by Frost, et al. (2019), and investigate the contribution of statistical learning to vocabulary size by
conceptualizing statistical learning as a broad, multicomponent ability to detect and learn from statis-
tical regularities and probabilistic relations in the environment. To do so, we identified a set of three
everyday statistical challenges, outlined below, that infants face when learning a language. Thus,
instead of focusing on a narrow set of statistical properties in the linguistic domain, we turned our
attention to a broader set of challenges, outside the linguistic domain, that require processing of statis-
tical information in general, and ask how they are related to vocabulary size. Importantly, we suggest
that these three challenges are distinct in the sense that solving all of them is potentially important for
vocabulary learning and that infants could face any combination of them at the same time.

A first challenge for infants is the need to make one-to-one mappings between cross-modal, co-oc-
curring stimuli, referred to here as “associative learning”. That is, infants need to be able to associate,
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for example, linguistic information with visual information. We propose that this challenge is neces-
sary for infants to learn the relation between labels (e.g., hearing “dog”) and their referents (e.g.,
seeing a dog), aiding in learning the meaning of words and, consequently, expanding vocabulary
(Kidd & Donnelly, 2020). Further, attending to regularities within the environment should aid in
detecting co-occurring stimuli (Saxton, 2010). For example, when an infant sees a dog, it will be
followed by the word “dog”, regardless of context. To detect that this association exists in diverse
environments should further help constrain the meaning of the word “dog”.

A second challenge is the need for infants to detect when, where, and how often stimuli follow each
other. That is, to detect, process, and learn patterns from sequential information (Frost et al., 2015;
Romberg & Saffran, 2010; Saffran et al., 1996; Saffran et al., 2009), referred to here as “sequence
learning”. It has previously been suggested that sequence learning is involved in detecting statistical
regularities and grammatical structures within a given language, via the mechanism of prediction
(Reuter et al., 2018; Saffran, 2009). For example, a child might predict to hear the word “dogses”, but
instead hear “dogs”—providing a meaningful feedback loop on grammatical rules (Reuter et al., 2018).
Thus, sequence learning might aid in constraining grammatical rules such as singular/plural, which
in turn allows for learning even more words. Indeed, previous research has shown that the ability to
predict patterns of visually presented stimuli is concurrently related to lexical processing efficiency
(Shafto et al., 2012), vocabulary size (Reuter et al., 2018), reading efficiency (von Koss Torkildsen
et al., 2019; Hedenius et al., 2021), and syntax comprehension (Kidd & Arciuli, 2016), indicating a
relation between predicting patterns in both verbal and nonverbal domains and language ability.

Third, infants face the challenge of evaluating probabilistic information in general, here referred to
as “probability processing”. We propose that probability processing should aid in detecting regulari-
ties within linguistic data (among others) and constrain possible meanings of words. Indeed, in every-
day life, infants face an enormous amount of data, containing different kinds of regularities which
span from simple to complex events, and between very likely events to very unlikely events (Frost
et al., 2019). Therefore, detecting meaningful regularities from the environment is a very difficult
task (Frost et al., 2019). It has been proposed that general probabilistic processing allows even young
children to form intuitive theories of their world, constraining the possible space of candidate theories
(Ullman et al., 2012). For instance, recognizing that the word “dog” is used for animals with four legs,
that have fur, and a nose, but at the same time is not used for for example, cats, informs children about
the definition and meaning of the word “dog”. It is thus possible that the challenge of word learning
requires a more general ability to evaluate and integrate the probability of events (Frank, 201 1; Frank
& Tenenbaum, 2011; Frost et al., 2019). Without such an ability, making hypothesis about poten-
tial patterns and associations in vast amounts of linguistic data would be a very difficult task (Frost
et al., 2019). Thus, probability processing might help infants constrain hypothesis about the meaning
of words, which in turn should aid in developing vocabulary.

Here, we targeted the three challenges described above, and explored how they might contribute to
building vocabulary in infancy. To do so, we used three eye-tracking tasks that tapped into one of the
challenges from a longitudinal data set following children from 6 to 18 month of age. This data set was
used because there were eye-tracking tasks already implemented and data collected that allowed us
to assess the three challenges noted above. However, the larger longitudinal project was not designed
with statistical learning specifically in mind (see method for further detail). Using eye-tracking and a
longitudinal data set, we were able to broaden the scope of previous research by taking an individual
difference approach and measuring all infants on a set of three tasks at multiple time points.

We measured the ability to solve the first challenge, related to associative learning, with an associ-
ative learning task, involving an assessment of infants' ability to detect an association between a visual
stimulus and an auditory, nonlinguistic sound cue. This task is a proxy for being able to keep track of



GERBRAND ET AL.

r THE OFFICIAL JOURNAL OF THE 703
I I \I INTERNATIONAL CONGRESS—WI ] EY
3 | OF INFANT STUDIES

how stimuli in different domains co-occur (Richardson & Kirkham, 2004). A relation between indi-
vidual differences in this task and vocabulary size would indicate that the ability to form associations
across modalities in general influence vocabulary learning. To measure a capacity to solve the second
challenge, related to sequence learning, we used a visual sequence task—an assessment of infants'
ability to extract and predict patterns of reoccurring visual events. This task is a proxy for being able
to keep track of when, where, and how often stimuli follow each other (Sheese et al., 2008). If infants'
efficiency in solving this task predicts later vocabulary, it would indicate that sequence learning in
general influence vocabulary learning. Finally, we used a probabilities task to measure the ability
to solve the third challenge, related to general probability processing. This task is an assessment of
infants' ability to respond to the likelihood of samples being drawn from a larger population (Kayhan
et al., 2018). Similar tasks have previously been used to argue that infants are intuitive statisticians (Xu
& Garcia, 2008). Accordingly, we consider our task to be a proxy for a general sensitivity toward prob-
abilities. If this task is related to vocabulary size, it would indicate that a general ability to evaluate
the likelihood of events influence vocabulary learning. Finally, we collected data on vocabulary size
at 18 months of age (Eriksson et al., 2002). Our goal was to predict vocabulary size from individual
differences in the ability to process regularities (patterns and associations) at 6—18 months.

Before any analysis, we identified the three tasks that captured different aspects of the three chal-
lenges from tasks available in the longitudinal project. For analyzing our longitudinal data, we used
path modeling. As stated above, we argue that infants' abilities to solve the three challenges could
potentially be related, but we made no hypotheses concerning the possible directions of such relations.
One reason for this is that infants' performance on a specific task might not always fall on a continuum
in an expected way. Hence, it is difficult to hypothesize how individual differences might be related
to each other. However, we hypothesized that there are individual differences in how infants solve the
three challenges that in turn can predict individual differences in vocabulary size, which would indi-
cate that processing statistical information, in a broad sense, plays a role for vocabulary size.

2 | METHOD
2.1 | Participants

The study sample participated in the BASIC Child project, a longitudinal study aiming to assess
120 infants from 6 to 30 months of age (see Supporting Information 1). Exclusion criteria included
serious physical health problems, such as premature birth and neurological issues. The initial sample
consisted of 118 six-month-old infants and their families (50% females, M age at the sixth month lab
visit = 185 days; SD =7 days, min = 165 days, and max = 203 days). Of this initial sample, 110 (93%)
returned for the second lab visit at 10 months of age (M age = 302 days; SD =9 days, min = 289 days,
and max = 326 days). Within the longitudinal project, participants also visited the lab at 12 months
of age. At this visit, they participated in a “strange situation” and an eye-tracking task unrelated to
the current project. At the fourth lab visit, at the age of 18 months (M age = 544 days; SD = 12 days,
min = 524 days, and max = 583 days), 104 participants (88%) returned.

The present study was conducted according to guidelines laid down in the Declaration of Helsinki,
with written informed consent obtained from a parent for each child before any assessment or data
collection. All procedures involving human subjects in this study were approved by the Etikprovning-
smyndigheten (2013/423) at the department of psychology, Uppsala University.
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Swedish was spoken in the home of 99.7% of the participating families, and in 14% of families,
one or more additional language was spoken. Furthermore, all participants attended a Swedish-speak-
ing preschool at 18 months of age.

Approximately 28% of mothers reported having less than 12 years of education (min = 11 years
of education, max = 15 years or more, and M = 13-15 years). In Sweden, 29% of women have
less than 12 years of education, meaning our sample was close to the national average (Statistiska
Centralbyrén, 2019).

The target sample size of the project (n = 120) was set before the recruitment of participants, and
data collection began. It was based on both practical (e.g., feasibility to carry out the data collection
within the project time, see SOM for more details) and statistical (e.g., feasibility to test models with
measurements taken from several tasks at different time points) considerations. Notably, our sample
size is larger than those found in several previous studies aimed at predicting children's language
development (Kidd & Arciuli, 2016; Reuter et al., 2018; Singh et al., 2012; von Koss Torkildsen
et al., 2019). To date, three published papers have used data from the BASIC Child project, focusing
on internal models, action prediction, and action evaluation at 6 and 10 months of age (Gredebick
et al., 2018), the social components of executive functions (Marciszko et al., 2020), and how gaze
following is affected by social and emotional contexts (Astor et al., 2020).

2.2 | Tasks and procedures

All eye-tracking tasks were conducted using a corneal reflection eye tracker (60 Hz, Tobii TX300;
Tobii Technology). During these tasks, the infants sat on a parent's lap at approximately 60 cm viewing
distance in front of a 23-inch monitor. Prior to the start of the data collection, we ran a standard 5-point
calibration procedure (Gredebick et al., 2009), which was repeated until calibration was satisfactory.
All infants (at 6, 10, and 18 months of age) observed the same order of stimuli in the tasks used. See
Table 1 for an overview of at what visit the different tasks were administered. The eye-tracking tasks
were selected from an existing longitudinal data set. While other tasks might, in principle, have been
selected, these three were deemed the most relevant for the current research question. Importantly, we
decided on the tasks before any analyses of associations or paths. A full list of tasks used in the longi-
tudinal study and a video recording of each eye-tracking session can be found at Databary. We adopted
a similar rationale for which ages to include. The exact ages were decided by the larger longitudinal
study (i.e., 630 months of age) from which this data is taken. Within the confines of this data set,
we focused on analyzing longitudinal data from 6- to 18 months of age. This allows us to assess the
early potential correlates of language development specified above (from 6 to 18 months) and for us
to relate these to individual differences in early stages of vocabulary at 18 months. Note that all tasks
are not available at all ages and that this is an effect of earlier design considerations for the longitudinal
project from which the data is taken (for detailed info see Table 1).

TABLE 1 Overview of at what visit the tasks were administered, and number of excluded participants and
proportion of excluded participants for each task, at each lab visit

Visit
Task 6 months 10 months 18 months
Associative learning 14 (0.12) 22 (0.20)
Visual sequence 45 (0.41) 22 (0.21)

Probabilities task 51 (0.46) 47 (0.45)
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2.2.1 | Associative learning task

This task assessed the ability to detect associations between visual and auditory stimuli. The paradigm
was adopted from Experiment 2 in Richardson and Kirkham (2004). In a small sample of 10 partici-
pants, they demonstrated that 6 month-old infants could detect and learn an association between visual
and auditory stimuli. However, in contrast to Richardson and Kirkham (2004), we focused on infants'
individual differences rather than group performance. Within the longitudinal project, pilot data indi-
cated that this task worked well at 6 and 10 months of age, which is why the task was implemented at
these ages. However, the task was not implemented at 18 months of age, as to not tax the participants
with a too large test battery.

In each trial, the participants saw two white frames on a black background, one on the right and
one on the left side of the screen (Figure 1a). Participants were shown two blocks of trials, each
containing six familiarization trials and two test trials. In total, the two blocks of trials lasted 112 s.
Each familiarization trial lasted 7 s, and participants were presented with a visual stimulus within one
frame (leaving the other frame blank), while a unique auditory stimulus played simultaneously. The
first block of familiarization trials started with a visual stimulus on the left side of the screen (and then
continued right, left, right, etc.). The second block of familiarization trials started with a visual stimu-
lus on the right side of the screen. In each block, participants saw three visual stimuli being presented
on the left side of the screen and three visual stimuli on the right side. Each block of trials had two
unique visual stimuli paired with two unique auditory stimuli. For instance, in one familiarization
trial, a dog presented on the right side of the screen was paired with a trumpet sound. In the following
familiarization trial, a chicken presented on the left side of the screen was paired with a whistling
sound. In the test trials, only the two blank frames and auditory stimulus were presented; for example,
only a whistling sound was presented.

The outcome variable was defined as the proportional looking time toward the “critical frame” in
test trials—i.e., the frame where the visual stimuli had previously been presented. The outcome was
calculated such that the looking time toward the critical frame was in proportion to the total looking
time toward both frames (thus ranging from 0.0 to 1.0; see SOM for further details). We required

(@ (b) ()

The Visual Sequence Task The Probabilities Task

R@?lﬂ

The Associative Learning Task

FIGURE 1 Snapshots of the stimuli used in the three eye-tracking tasks. Panel (a) Illustration of the associative
learning task. Panel (b) Illustration of the visual sequence task. Panel (c) Illustration of the probabilities task
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participants to have a minimum of two valid trials to be included in the analyses, as to not present
ambiguous proportional looking time data. The final sample size at 6 months of age was 106 partici-
pants, and at 10 months of age it was 98 participants (see Table 1 for an overview).

2.2.2 | Visual sequence task

This task assessed the ability to extract patterns from a regular presentation order of visual events.
The paradigm was adopted from Sheese, Rotbart, Posner, White, and Fraundorf (Sheese et al., 2008),
who assessed infants' ability to predict events within a visual pattern. In a group of 50 participants at
6-7 months of age, they demonstrated that infants could, on average, correctly predict 4% of possible
events. Importantly, even though the amount of correct predictions were low, they were related to
individual self-regulation (Sheese et al., 2008). For the current study, we made slight modifications to
the paradigm. Within the longitudinal project, this task was conducted at 10 and 18 months of age but
not at age 6 months. The reasons for this exclusion of this task from the 6 month battery were twofold.
First, in the pilot phase of the longitudinal project, pilot data suggested that this task worked best at 10
and 18 months. Second, there was a general need to keep the duration of the 6 month testing as brief
as possible, as to not introduce high levels of fatigue.

Participants were shown visual stimuli (cartoon animals, e.g., cartoon tiger, cartoon dog, or
cartoon owl), accompanied by a unique sound, presented in a spatial pattern on the screen. The sound
was played only to keep the attention of the participants. The visual stimuli were presented at three
different locations, A, B, and C (Figure 1b). The location and presentation order of the visual stimuli
were kept constant for the entire task, without familiarization trials. The participants were presented
one visual stimulus at a time, starting with a stimulus appearing for one second at location A. After
a one-second blank screen, another stimulus appeared at location B, and so on. The stimuli were
presented in the specific order of A - B — A — C, repeated for 180 s (Figure 1b). After 35 s, the
visual content of each stimulus was changed (e.g., from an image of a tiger to that of a bee) to keep the
attention of the participants. When the visual stimulus changed, so did the auditory stimuli. Thus, no
auditory stimuli stayed constant during the task, effectively making it impossible to learn the pattern
based on auditory information. In all, the participants saw five different combinations of cartoon
animals.

The outcome measure was defined as the number of correct predictions, in line with Sheese
et al. (2008). A correct prediction was defined as one where the participant looked at the correct loca-
tion (i.e., where the next visual stimuli appeared) within a time window extending 200 milliseconds
prior to, and following, the onset of the stimuli (see SOM for further details). The Visual Sequence
task was not implemented in the longitudinal project for the first 28 participants at the 10-month-old
visit, as the task struggled with implementation issues at the launch of the study. The final sample size
at 10 months of age was 75, and at 18 months it was 98 participants (see Table | for an overview).

2.2.3 | The probabilities task

This task assessed the ability to respond to the likelihood of samples being drawn from a larger popu-
lation, adapted from Kayhan, Gredebick, and Lindskog (Kayhan et al., 2018). The original study
demonstrated that 6, 12, and 18 month-old infants changed their looking pattern as a function of the
relative likelihood between likely and unlikely outcomes (being 625, 81, 25, and 9, respectively).
When the relative likelihood was low (e.g., nine, where the likely outcome is nine times more likely
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to be randomly drawn from a larger population, compared to the unlikely outcome), infants at all ages
looked at the likely outcome more than the unlikely outcome. As the relative likelihood increased,
they shifted their gaze and looked more at the unlikely outcome than the likely. While the origi-
nal study investigated performance on a group level, across different levels of relative likelihoods,
we investigated individual performance at one level of relative likelihoods instead. This task was
presented to infants at ages 10 and 18 months in the longitudinal project because effects in the original
study (Kayhan et al., 2018) were smaller at 6 months of age than in the older infants.

The task started with a set of colored balls (red or yellow) falling from the top of the screen into
a rectangle-shaped container. For each trial, one color was more common in a ratio of 3:1. In total,
participants saw four trials, totaling 68 s. Once all balls had landed in the container (taking 8 s), the
container was covered with a light gray occluder so that balls were no longer visible (taking 2 s). Next,
participant attention was drawn to the bottom of the container with a flashing light, accompanied by
the sound of sirens (taking 2 s). Then, two doors at the bottom of the container were opened, and two
samples of balls fell into two smaller separate containers at the bottom of the screen (2 s). For the
remaining trial time (3 s), the two samples lay static in their separate containers, allowing the partic-
ipants to compare the two outcomes. As shown in Figure Ic, one sample was of a likely outcome,
while the other was of an unlikely outcome. The relative likelihood of the containers was 81, meaning
that the likely outcome was 81 times more likely to be drawn randomly from the population than the
unlikely outcome. The location of the unlikely and likely outcomes varied over trials.

The probabilities task was intended to tap into how efficiently infants could respond to likely
and unlikely events. The outcome variable was defined as the proportional looking time toward the
unlikely outcome, per Kayhan, Gredebick, and Lindskog (Kayhan et al., 2018). The outcome was
calculated such that the looking time toward the unlikely outcome was in proportion to the total
looking time toward both the likely and unlikely outcome (thus ranging from 0.0 to 1.0, see SOM
for further details). For a valid trial, we required participants to have looked at both the likely and
unlikely sample, as participants should need to look at both samples to detect the unlikely one. We
required participants to have a minimum of two valid trials to be included in the analyses. As such,
the final sample size at 10 months of age was 69 and at 18 months of age it was 73 (see Table 1 for
an overview).

2.2.4 | The CDI questionnaire

At the 18th month lab visit, mothers filled out a Swedish version of the CDI, designed by Eriks-
son, Westerlund, and Berglund (Eriksson et al., 2002). For each item, the mothers were instructed
to answer if the child understood or understood and said the word. If the child in question did not
yet comprehend the word, the mothers were instructed to leave the response blank. Thus, the CDI
consisted of two subscales: receptive vocabulary (the number of words the participants understood)
and expressive vocabulary (the number of words the participants understood and could say; see SOM
for more details). Eriksson et al. (2002) demonstrated high internal consistency for both the receptive
(Cronbach's alpha = 0.96) and the expressive subscale (Cronbach's alpha = 0.97) subscales of the
CDI. Raw scores, rather than age corrected values, were used because all infants were measured at
the same age (in months). Within the longitudinal project, it was reasoned that assessing vocabulary
at 18 months of age was the most appropriate, as this allowed for an assessment of early vocabulary,
while still allowing for a good level of variation.
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2.3 | Data reduction

The raw eye-tracking data were exported from Tobii Studio (Tobii Technology, Sweden) and pre-pro-
cessed using an open source analysis program, TimeStudio (Nystrom et al., 2016), operating in
MATLAB (Version 9.3.0.7; The Mathworks, Natick, MA). For all eye-tracking tasks, we required a
minimum of 25% looking time to the screen for individual trials to be included. For more information
on data reduction, see SOM. Data and settings for the eye-tracking data analysis can be downloaded
from: https://osf.io/9zmvr/?view_only=2940a3f831be4330a97d57965418cd48.

Table | summarizes which task participants did at what visits as well as the number of participants
that were excluded from each of the eye-tracking tasks due to not providing enough data.

2.4 | Statistical analysis

To address the main hypotheses of the study, we conducted our analysis in three steps. For all tasks, we
relied on standardized measures previously used in the literature. Notably, the measures were decided
upon before conducting the main analysis listed below (Pearson zero-order correlations, #-tests, and
path model). There are always additional ways in which variables of interest could be analyzed (e.g.,
calculating multiple outcome variables for each predictor). However, we refrained from doing so,
as to not introduce a plethora of possible variables and analyses that could quickly exceed what the
available data could handle.

For descriptive analyses, we first calculated zero-order correlations between all predictors and
outcome variables. We modeled the two subscales of the CDI separately to gain a rich understanding
of early predictors in vocabulary size. For zero-order correlations, we refrained from correcting for
multiple comparisons since the goal of this step was to understand the structure of the data before
conducting the path model that accounts for all data in one analysis (thus circumventing the issue
of multiple comparisons), rather than to probe for statistical significance. That is, this step was only
conducted in order to get a sense of the feasibility of our planned path model and for descriptive
purpose. Any and all conclusions made in this paper is based on the results of the path model and not
the zero-order correlations. Second, we also performed single-sample 7-test for the associative learn-
ing task and the probabilities task in order to get a sense of group level performance. That is, we tested
if the proportional looking time toward target (the critical frame and the unlikely outcome, respec-
tively) was significantly different from chance (i.e., 0.5). As it was not possible to conduct a meaning-
ful singe-sample f-test on the visual sequence task, here we report proportion of correct predictions.

As our main analysis, we created a path model using the lavann package in R (Rosseel, 2012). The
model was set up so that individual differences on earlier tasks could influence individual differences
on all subsequent tasks. That is, the model was structured so that we could investigate if individual
differences on the early outcome measurements could predict later outcome, and if any task was
predictive of the CDI subscales. Thus, all variables used in the zero-order correlation were used in the
path model.

Some of the predictors had missing data, particularly the visual sequence task at 10 months and
evaluation of probabilities at both 10 and 18 months. We chose to handle the missing data by fitting
our path models using full information maximum likelihood (FIML) estimation. With this method,
parameters in the model were estimated using all available data. Previous research has demonstrated
that this is a robust method for handling a relatively large amount of missing data. It produces rela-
tively small bias and sampling variability when estimating the model parameters. Furthermore, the
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FIML method can also handle different types of missing data reasonably well, making it quite robust
against data that is missing not at random (Enders, 2001).

The model-to-data fit was evaluated using the chi-square goodness of fit as well as several alter-
native fit indices, including the Comparative Fit Index (CFI), Tucker-Lewis Index (TLI), root mean
square error of approximation (RMSEA), and the standardized root mean square residual. Of note,
and contrary to traditional inferential statistics, the chi-square goodness of fit is testing if the model is
not different from the null hypothesis. As such, if the chi-square shows a significant result, this would
suggest that the structure of the model does not add any explained variance in the dependent measure
(i.e., the CDI subscales; Hu & Bentler, 1999). For a model to be considered as having a good fit, the
chi-square test should not be significant, the CFI and TLI should be equal to or greater than 0.95, the
RMSEA should be less than 0.05, and the standardized root mean square residual should be less than
0.08 (Hu & Bentler, 1999; Maccallum et al., 1996). We investigated possible multivariate outliers by
calculating a generalized Cook's distance for the full model, and cases with a Cook's distance greater
than 1 were excluded. This procedure resulted in 15 cases (i.e., individuals) being excluded from all
tasks, and a final sample of 103 participants being used to fit the model.

3 | RESULTS

Descriptive statistics. On the associative learning task at 6 months, the mean proportional looking
time toward the target was 0.51, SD = 0.14, min = 0.14, and max = 0.89, which was not significantly
different from chance, #(105) = 0.68 and p = 0.50. At 10 months of age, the mean proportional looking
time was 0.49, SD = 0.14, min = 0.13, and max = 0.83, which was not significantly different from
chance, #(92) = —0.53 and p = 0.60.

On the visual sequence task, participants made 4.2 (SD = 4.5, min = 0, and max = 25) and 5.6
(8D = 4.6, min = 0, and max = 20) correct predictions at 10 and 18 months, respectively. That is,
at 10 months of age, participants made, on average, 7.5% of possible correct predictions—while at
18 months of age, participants made 9.3% of possible correct predictions. These numbers are in line
with Sheese et al. (2008), who reported that participants made 4% of possible correct predictions at
6—7 months of age.

Finally, on the probabilities task at 10 months, the mean proportional looking time toward the
target was 0.60, SD = 0.20, min = 0.21, and max = 0.98, which was significantly different from
chance, #68) = 4.1 and p < 0.01. At 18 months of age, the mean proportional looking time was
0.51, SD = 0.18, min = 0.06, and max = 0.83, which was not significantly different from chance,
#(72) = 0.26 and p = 0.80.

Zero-order correlation. For the associations between predictors, an initial analysis showed a
longitudinal relation between individual differences in the visual sequence task at 10 and 18 months,
r=0.44 and p < 0.001. Furthermore, individual differences in the associative learning task at 6 months
correlated with individual differences in the probabilities task at 18 months, » = —0.30 and p = 0.01.
We also observed a nonsignificant correlation between individual differences in the probabilities task
at 10 months and individual differences in the visual sequence at 10 months, » = —0.26 and p = 0.07.

For the outcome variables, scores on the two subscales of the CDI were significantly correlated,
r=0.56 and p < 0.001. For relations between predictors and outcome variables, we noted significant
correlations between scores on both CDI subscales and individual differences in the visual sequence
task at 18 months (receptive vocabulary: » = 0.22 and p = 0.04; expressive vocabulary: » = 0.30
and p < 0.001), respectively. There were no significant longitudinal relations within the associative
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learning task or within the probabilities task. All zero-order (Pearson) correlations and descriptive
statistics for all predictors and outcomes are summarized in Table 2.

3.1 | Path analysis

The pattern of zero-order correlations in Table 2 indicated a possible predictive relationship between
individual differences in the visual sequence task and scores on the CDI subscales. To investigate this
relationship in a more parsimonious way, we conducted a path analysis (see Figure 2 and statistical
analysis for the structure of the model).

The analysis revealed a model with a good fit, ¥? (4) = 3.742, p = 0.442; CFI = 1.0; TLI = 1.04;
RMSEA <0.01; and SRMSR = 0.058, allowing for the investigation of individual paths within it. As
illustrated in Figure 2, our model had six significant paths. Starting with the visual sequence task,
individual differences at 10 months predicted both individual differences in the visual sequence at
18 months, # = 0.30 and p = 0.017, and scores on the receptive vocabulary subscale, f = —0.28
and p = 0.044. This indicates that the more correct predictions participants made at 10 months of
age, the more correct predictions they made at 18 months of age—implying that we measured a
somewhat stable individual ability. At the same time, the more correct predictions participants made
at 10 months, the fewer words they understood at 18 months of age. Furthermore, individual differ-
ences in the visual sequence task at 18 months predicted scores on both the receptive, f = 0.35 and
p = 0.003, and expressive vocabulary subscales, § = 0.42 and p < 0.001, indicating that the more
correct predictions infants made in the visual sequence task at 18 months, the greater vocabulary they
had.

Individual differences in the associative learning task at 6 months predicted individual differences
in the probabilities task at 18 months, f = —0.36 and p = 0.008. The more participants looked at

TABLE 2  Zero-order correlations between predictor variables and vocabulary size (expressive and receptive)
together with means, standard deviations, skewness, and kurtosis for all variables

Variable 1 2 3 4 5 6 7 8

1. AL — 6 months -

2. AL — 6 months —0.08 -

3. VS - 10 months —0.18 —0.04 -

4. VS — 18 months —0.11 —-0.07 0.44%%%

5. Prob. — 10 months 0.06 —0.14 —0.26* —0.16 -

6. Prob. — 18 months ~ —0.30%*** 0.03 —-0.01 —0.06 0.21 -

7. CDI - Rec. 0.06 0.06 —-0.05 0.22%* —-0.07 0.07 -

8. CDI - Exp. —-0.08 0.15 —0.07 0.30%***  —0.14 0.03 0.56%*** -
Mean 0.509 0.492 4.20 5.57 0.595 0.505 599 23.4
SD 0.142 0.136 4.45 4.57 0.195 0.176  16.0 20.8
Skewness 0.117 0.015 2.34 1.20 -0.043 -0416 -0.779 1.01
Kurtosis 0.557 —0.048 6.41 1.06 -0.757 -0.335 0.404 0.141

Note: n in the table varies between 67 and 106.

Abbreviations: AL, associative learning; CDI-Exp., expressive vocabulary; CDI-Rec., receptive vocabulary; Prob., probabilities: VS,
visual sequence.

*p =0.07, **p = 0.04, **¥p = 0.01, ****p < 0.001.
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FIGURE 2 [Illustration of the path model assessing early predictors of vocabulary size. Arrows denote
significant paths (p < 0.05), and numbers on arrows are standardized path coefficients with corresponding p values.
Dotted bold line denotes a marginally significant path (p < 0.10). Dotted lines denote nonsignificant paths (p > 0.12).
See Table S1 for path coefficients and p values for all paths. Note that the model includes forward associations from
individual differences at 6 months to 10 and 18 months, from individual differences at 10—~18 months, and concurrent
associations at 18 months

the critical frame in the associative learning task, the less they looked at the unlikely outcome in the
probabilities task. Additionally, individual differences in the associative learning task at 10 months
predicted scores on the expressive vocabulary subscale, f = 0.24 and p = 0.037, indicating that the
more participants looked at the critical frame, the more words they could express. This implies that the
ability to detect cross modal associations is related to later vocabulary. No other path coefficient was
significant. See Figure 3 for scatterplots on each significant, or near significant, paths.

In sum, the model suggests that individual differences in the associative learning task at 10 months
and individual differences in the visual sequence task at both 10 and 18 months predicts later vocab-
ulary (albeit differently), while individual differences in the associative learning task at 6 months and
the probabilities task did not. The model could explain 17% of the variance in the receptive vocabulary
subscale and 21% of the variance in the expressive vocabulary subscale.

4 | DISCUSSION

Infants face a range of challenges in their day-to-day lives that they need to overcome to develop
an extensive vocabulary. In the current study, we investigated the impact of three such challenges:
sequence learning, associative learning, and probability processing. Consistent with previous findings
(Kidd & Arciuli, 2016; Reuter et al., 2018; Shafto et al., 2012; von Koss Torkildsen et al., 2019),
our results suggest that children's ability to solve the challenges of associative learning and sequence
learning in infancy plays a part in vocabulary size in toddlerhood. This further highlight that learning
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a language is not merely the result of a narrow statistical learning mechanism (Saffran et al., 1996).
Instead, it depends on multiple mechanisms that develop during the first 2 years of life. Specifically,
the results suggest that a broader set of abilities used to detect and learn from regularities, beyond
transitional probabilities in the linguistic domain, is related to language (Frost et al., 2019).

Our model could explain 17% and 21% of the variance in the CDI subscales, respectively. Given the
complexity of vocabulary development and the variability in family contexts (Hindman et al., 2016),
these values are large. We are not, however, claiming that associative learning and sequence learning
are the only important challenges for vocabulary development or suggesting a strong causal pathway.
Indeed, the current model leaves a large portion of the variance unexplained and other factors not pres-
ent in the model could potentially increase the variance explained, account for a part of one or more of
the observed paths, or function as a mediating factor for one or more of the observed paths. For exam-
ple, previous research suggests that pedagogical context, social interaction, and socioeconomic status,
to name a few, are all important contributors to language development (Duff et al., 2015; Hindman
et al., 2016; Karmiloff & Karmiloff-Smith, 2009; Kidd & Donnelly, 2020; Kuhl et al., 2003). Further,
it is likely that specific linguistic challenges (in addition to the nonlinguistic challenges assessed here),
such as attending to transitional probabilities to perform word segmentation, have a large contribution
to later vocabulary. Thus, extending the current model with variables that measure an infant's ability
to perceive and encode social information, the quality of their home environment, and their ability to
process linguistic information should provide a more integrative model of vocabulary development.
However, although we are not in a position to make strong claims about the mechanism(s) underly-
ing the relation between associative learning and sequence learning and vocabulary development,
we argue that the model is a promising and noteworthy step, demonstrating that broad nonlinguistic
abilities are related to vocabulary growth. In turn, this might promote further investigations into how
infants might detect and learn from regularities in everyday life, outside the lab (Frost et al., 2019).

Recent research has indicated that young children are intuitive statisticians (Xu & Garcia, 2008)
that might use a general ability to evaluate and integrate probabilities to constrain hypothesis during
word learning (Frank, 2011; Frank & Tenenbaum, 2011; Ullman et al., 2012). In the current study,
individual differences in the probabilities task could not predict vocabulary size. Thus, our findings
do not support the idea of a more general statistical ability playing a central role in word learning.
However, this does not call into question the relation between learning from regularities and vocabu-
lary size, but rather suggests that a general sensitivity to probabilities is not related to vocabulary size.
Of course, a general sensitivity to probabilities might play a role in language development that does
not become evident in a relation between our probabilities task and vocabulary size. For example, it
might be important for generating hypothesis about the surrounding environment rather than words
per se. Further investigating the role of such general statistical abilities will be an interesting venue
for future research.

FIGURE 3  Scatterplots for all significant, or near significant, paths based on available raw data. VS—Visual
sequence, AL—Associative learning, Prob—Probabilities. (a) Individual differences in the associative learning task at
6 months and individual differences in the probabilities task at 18 months. (b) Individual differences in the associa-
tive learning task at 10 months and CDI expressive vocabulary. (c) Individual differences in the visual sequence task
at 10 months, and individual differences in the visual sequence task at 18 months. (d) Individual differences in the
visual sequence task at 10 months and CDI receptive vocabulary. (e) Individual differences in the visual sequence
task at 10 months and CDI expressive vocabulary. (f) Individual differences in the visual sequence task at 18 months
and CDI expressive vocabulary. (g) Individual differences in the visual sequence task at 18 months and CDI receptive
vocabulary. Note. Nr. Correct predictions = number of correct predictions. Proportional looking time AL = propor-
tional looking time toward the critical frame. Proportional looking time Prob. = proportional looking time toward the
unlikely outcome
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Some methodological choices made here needs to be discussed. In this study, we refrained from
making predictions about the direction of effects in the model, did not assess group-level performance,
and did not test against chance performance on a group level as a main analysis. Instead, we assessed
if associations exist between individual differences and related constructs (see Starr et al., 2013, for a
similar approach). Indeed, there are strong theoretical reasons to believe that the tasks used should be
related to later vocabulary, as outlined in the introduction. The aim of this study was to operationalize
statistical learning as a broad, multi-component ability and investigate how that relates to vocabu-
lary—rather than to investigate the group performance of each specific task. This is closely related to
the fact that in general, interpreting individual differences in infants using eye tracking is challenging.
The response of a child will undoubtedly reflect a combination of ability (e.g., group-level perfor-
mance), attention strategy (e.g., novelty/familiarity preference), and exploration (focusing on where
events are expected to unfold), to name a few. Thus, infants' responses, and individual differences, may
not always fall on a continuum expected from the group-level analysis. Indeed, our results suggest that
at a group-level, the participants did not seem to learn associations, nor did they seem to differentiate
between a likely and unlikely outcome (except for at 10 months of age), nor did all participants make
correct predictions in the visual sequence. At the same time, individual performance related to later
vocabulary. As such, it seems that there is a meaningful difference between the participants who could
solve the challenge of associative learning and sequence learning, compared to those who could not.
While it can be difficult to interpret how and why individual differences occur, that is not to say that
the differences are meaningless.

Indeed, individual differences in both the associative learning task and the sequence learning
task was associated with later vocabulary, explaining up to 20% of the CDI measurement. First, this
would suggest that the efficiency with which infants can solve the challenge of detecting cross-modal,
co-occurring stimuli is related to later vocabulary. It has been proposed that associative learning helps
infants constrain possible meanings of words, by detecting that a certain object is denoted by a certain,
specific word—regardless of context (Kidd & Donnelly, 2020; Saxton, 2010). It is less clear what an
efficient strategy might be, however. To name a few examples, it could be that detecting an association
from few pairings allows for faster vocabulary learning or it could be that observing multiple pairings
before making an association allows for a more correct, robust hypothesis on the meaning of a word,
allowing vocabulary to grow slowly but surely. It could also be that the most efficient strategy changes
over time, such that infants need to observe co-occurring, cross-modal stimuli many more times in
order to learn it, compared to children at an older age.

Second, the results indicate that infants' efficiency in detecting and processing patterns in sequen-
tial information is related to later vocabulary. It has been proposed that processing patterns aid in
detecting other statistical structures within a given language, which in turn can be used to perform
word segmentation (among others; Saffran, 2009). Again, exactly what an efficient strategy might
look like is less clear. For example, it could be that a reactive strategy (i.e., attending to events as they
occur) might allow infants to observe patterns unfold in many different contexts, providing a rich
environment for learning complex events. On the other hand, a predictive strategy (i.e., predicting
where events will occur) might allow infants to test hypotheses about the surrounding environment,
providing a positive or negative feedback loop (Gredebick et al., 2018; Marciszko et al., 2020; Reuter
et al., 2018). In turn, this feedback could aid in constraining a working hypothesis. It is also possi-
ble that what the most efficient strategy might be changes with age. For example, research demon-
strate that the ocular-motor system is relatively slow at 10 months of age (Gredebick et al., 2018),
which makes incorrect predictions particularly costly as corrective saccades also take a long time to
execute, ensuring that infants miss a larger sequence of events than older infants or adults (Gredebick
et al., 2018). Indeed, our results suggest that a predictive strategy at 10 months of age is later related to
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a smaller vocabulary, whereas a predictive strategy at 18 months of age is related to a larger vocabu-
lary—suggesting age-dependent differences in strategy efficiency. However, future research is needed
to investigate the developmental trajectory of both associative learning and sequence learning further.

In addition, we did not find any longitudinal stability within the associative learning task nor
the probabilities task. At the same time, we observed a longitudinal relationship between individual
differences in the associative learning task at 6 months and individual differences in the probabilities
task at 18 months. At this point, it is difficult to assess the reason for this relation. Although previous
research has demonstrated group-level effects for these tasks during infancy, individual stability, as
we can measure it, might appear somewhat later. Important to note here is also that Richardson and
Kirkham (2004) conducted the associative learning task on only 10 participants. As such, it might be
that only a few 6- to 10-month-old infants can learn an association with this paradigm—which could
serve as a partial explanation as to why we cannot observe a stable group or individual performance.
Future research is needed to explore this venture further. In a similar vein, it is important to note
that Kayhan et al. (2018) demonstrated that their participants (aged 6-, 12, and 18 months) changed
their looking behavior as a function of likelihood differences. The larger the difference in relative
likelihood between the likely and unlikely outcome, the more participants looked toward the unlikely
outcome. As such, testing group performance against chance (i.e., 0.5) is not necessarily the most
informative way to investigate performance within this task. At the same time, we kept the relative
likelihood constant over trials in this study, which means that we cannot do the same analyses as the
original article (Kayhan et al., 2018). Additionally, the probabilities task was presented at the end
of the experiment procedure (see design). It is thus possible that participants were tired by the time
they conducted this task, and that we, consequently, lost meaningful variance here. While we cannot
exclude this possibility entirely, we note that the performance at 10 months are similar to performance
reported in previous research (Kayhan et al., 2018), which lends some support to the notion that we
have captured individual statistical abilities with the task. However, the performance at 18 months of
age were generally lower than at 10 months, suggesting that we could have an issue of fatigue at this
age point. Future research is needed to investigate this potential issue further.

We also need to acknowledge the possibility that simple frequency learning could underlie perfor-
mance in the visual sequence task. That is, simpler events could be easier to predict simply because
they involved a gaze shift to a location where stimuli frequently occurred (50% of all stimuli appeared
in location A) than more complex events (25% of stimuli appeared in B and C, respectively). However,
we do not find this alternative explanation likely because it would imply that simply focusing on the
frequency of occurrences (e.g., how frequent is a particular syllable) without attention to the pattern
of occurrences (how likely is it that one syllable appears after another) would be related to vocabulary
size. Instead, we argue that the visual sequence task assesses the ability to detect patterns of events in
general and suggest tentatively that this ability is involved in vocabulary development.

It should also be noted that the number of correct predictions is quite low in the visual sequence
task, with an average of 7.5% and 9.3% made of possible correct predictions, at 10 and 18 months,
respectively. However, similar response pattern has been reported in past research, using a highly simi-
lar task—where participants only performed 4% of possible correct predictions (Sheese et al., 2008).
In this task, infants seldom predict the reappearance of the next stimuli, but the predictions they do
make seem important and likely captures meaningful variance (Sheese et al., 2008).

There are also general limitations to both our eye-tracking and language measures, which may
constrain the scope of our conclusions. Although typical for infant research, our eye-tracking tasks
contain few trials per participant, which makes it difficult to estimate their reliability. We acknowledge
that this is far from optimal, but note that it primarily puts an upper limit on the size of the relation
that we can detect. A further limitation, illustrated in Table 1, is the high proportion of missing data



GERBRAND ET AL.

LI— r THE OFFICIAL JOURNAL OFTHE
WI LE Y —. I I \I INTERNATIONAL C
- ' OF INFANT STUDIES

on some of the tasks for some ages. In particular, just over half of the infants contributed with data
on some of the tasks at the 10-month visit. Although we chose to handle our missing data with FIML
estimation, which can reliably handle a relatively large amount of missing data (Enders, 2001), it
would have been better to have a complete data matrix. At the same time, data loss might be an
unavoidable side effect of conducting a longitudinal study with infants. Prior studies have argued
that stable individual differences are hard to find in infancy and childhood, particularly concerning
statistical learning (Arnon, 2020; Christiansen, 2019). The fact that we found some stability across
infancy is promising and noteworthy. Even so, an important direction for future studies will be to
further evaluate both the reliability and validity of these tasks. Further, we did not counterbalance the
order of the tasks—thus, all participants saw the same tasks in the same order at each lab visit. This
might have introduced the issue of fatigue. Indeed, this could serve as an (at least partial) explanation
of why we did not observe any stable group performances. At the same time, all participants should
have been equally affected by this potential order effect. As such, fatigue cannot explain the observed
associations and stable individual differences within our model. Furthermore, our language measure is
based on the parental report rather than direct observations. Although this approach is consistent with
much previous research on language development and statistical learning (Reuter et al., 2018; Shafto
et al., 2012; Singh et al., 2012), we acknowledge that it might give rise to a biased language measure.

Finally, we recognize that the eye-tracking tasks used also tap into general cognitive mechanisms,
not controlled for directly here. Indeed, several factors are common to all eye-tracking tasks, such that
they all rely on selective attention, oculomotor control, and visual short-term memory. These factors
are surely involved in the process of detecting information in the first place. However, this does not
diminish the finding that the current tasks are related to vocabulary growth. Instead, it suggests that
sequence learning and associative learning contribute to vocabulary size, beyond common eye-track-
ing factors (otherwise, there should be no unique contribution of any of the tasks). As we see it, the
most parsimonious explanation is that the paths illustrate different challenges that infants face when
learning a language and expanding their vocabulary.

S | CONCLUSION

In the current study, we set out to move beyond a narrow operationalization of statistical learning
often used in previous research toward the idea of a broad, multi-component ability. We demonstrate
that individual differences in associative learning and sequence learning in infancy predict vocabulary
size in toddlers. Combined with previous research (Evans et al., 2009; Hedenius et al., 2011; Reuter
et al., 2018; Romberg & Saffran, 2010; Saffran et al., 2009; Shafto et al., 2012; von Koss Torkildsen
et al., 2019), compelling evidence now suggests that statistical learning abilities, broadly defined,
have a role in vocabulary development. One potential extension of this work is to assess the relation
between low performance on statistical tasks in early infancy and later language difficulties. The
earlier such difficulties can be identified, the greater the possibility of providing support for children
in need.
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