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VOCABULARY SIZE AND LEXICAL PRIMING IN INFANCY

Abstract
Studies on lexical development in young children have routinely suggested that the
organisation of the early lexicon may change with age and increasing vocabulary size. In the
current study, we explicitly examine this suggestion in further detail using a longitudinal
study of the development of phonological and semantic priming effects in the same group of
toddlers at three different ages. In particular, we examine the extent to which the development
of these effects is influenced by the increasing vocabulary size of the child, since our
longitudinal design allows us to disentangle the effects of increasing age and vocabulary size.
We tested phonological and semantic priming effects in monolingual German infants at 18-,
21- and 24-months-old. We used the intermodal preferential looking paradigm combined with
eye tracking to measure the influence of phonologically and semantic related/unrelated primes
on target recognition. In addition, Growth Curve Analysis examined the trajectory of infants’
looking behaviour during target recognition. Even after controlling for age at test, both
phonological and semantic priming effects were influenced by participants’ receptive and
expressive vocabulary size respectively. In particular, children with larger receptive
vocabularies showed phonological interference effects, while children with smaller receptive
vocabularies showed phonological facilitation effects. With regards to semantic priming, we
found an overall semantic interference effect, which was modulated by expressive vocabulary
size. These results highlight the fact that vocabulary size is a strong predictor of the
development of phonological and semantic priming effects in early childhood, even after

controlling for age.
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VOCABULARY SIZE AND LEXICAL PRIMING IN INFANCY

1. Introduction

Language comprehension begins early in life. For instance, evidence suggests that 3-
to 6-month-old infants reliably learn word-object pairings that they have been briefly
familiarized with in the lab (Friedrich & Friederici, 2011, 2015; Shukla, White, & Aslin,
2011). By around 6-months of age, infants show comprehension of the first words learned in
their natural environment (Bergelson & Aslin, 2017a; Bergelson & Swingley, 2012). Parental
reports further indicate that a first acceleration in vocabulary growth is seen around 16- to 20-
months of life followed by a second burst from 24- to 30-months of age (Bates & Goldman,
1997; Fenson et. al, 1994). Importantly, however, despite children’s notable proficiency in
building, storing and using words properly, these are not trivial tasks. To succeed in it, infants
must simultaneously coordinate multiple cognitive skills (phonological discrimination, visual
perception, motor control, processing memory, among others).

Importantly, this rapid expansion in vocabulary might further necessitate that children
learn to detect similarities among words in their vocabulary and organise their lexicons along
repeatedly reoccurring dimensions to better store the words they acquire. Indeed, there are an
increasing number of studies suggesting that children are able to detect the similarities in the
phonological (Mani & Plunkett, 2010, 2011) and semantic properties associated with the
words (Arias-Trejo & Plunkett, 2009, 2013; Mani, Durrant & Floccia, 2012; Altvater-
Mackensen & Mani, 2013), and visuo-perceptual properties of their referents (Arias-Trejo &
Plunkett, 2010; Johnson, McQueen & Huettig, 2011; Mani, Johnson, McQueen & Huettig,
2013; Bobb, Huettig & Mani, 2016). These studies have typically been taken to suggest that
words are organised according to their phonological, semantic and visuo-perceptual properties
in the mental lexicon (see Mani & Borovsky, 2017 for a review).

Against this background, the current study examines the development of phonological
and semantic links between words in the early lexicon. We focus on this crucial period of

vocabulary expansion in the second year of life, namely, from 18- to 24-months of age, with
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particular attention to the role of individual children’s vocabulary sizes on the formation of
such links. In what follows next, we will first describe the paradigms typically used to
examine such phenomena in young children, followed by a review of studies examining the
phonological and semantic organisation of words in the early lexicon.

Classically, studies examining the organisation of words in the early lexicon have used
a priming adaptation of the intermodal preferential looking paradigm (IPL). In the original
IPL paradigm (Golinkoff, Hirsh-Pasek, Cauley, & Gordon, 1987), two pictures are presented
side-by-side on-screen (e.g., an apple and a table), while an audio recording names one of the
displayed objects, (e.g., Oh! Look at the apple!). In the priming adaptation of this task, the
images and the target labels are preceded by a prime stimulus, which could be either a label
(e.g., Styles, Arias-Trejo, & Plunkett, 2008) or an image that overlaps in certain features with
the target (e.g., Mani & Plunkett, 2010). Typically, the prior presentation of a related prime
leads to either improvement or delay in target recognition (relative to an unrelated prime)
depending on the type of the relationship between the prime and the target: Facilitation effects
on word recognition are typically indexed by shorter response times to fixate the target or
increased fixations to the target when the target label is preceded by a related prime relative to
an unrelated prime. Interference effects on word recognition are either indexed by longer
response times to fixate the target or reduced fixations to the target when the target label is
preceded by a related prime relative to an unrelated prime. Recently, this priming adaptation
has been combined with automated eye tracking (see Delle-Luche, Durrant, Poltrock, &
Floccia, 2015; Golinkoff, Ma, Song, & Hirsh-Pasek, 2013, for methodological reviews) and
event-related potential methodologies (e.g., Rdmi, Sirri, & Goyet, 2018; Rdma, Sirri, &
Serres, 2013; Torkildsen, Syversen, Moen, Simonsen, & Lindgren, 2007).

Importantly, studies to date on priming effects in early word recognition are typically
cross-sectional. Therefore, the results of when such priming effects begin to appear in

development and their interaction with children’s vocabulary size may merely reflect the
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cohort of participants studied at each unique point in time. In contrast, in order to attain a
picture of developmental changes on priming effects in infancy, we applied a longitudinal
design. We aim with this work to provide a longitudinal view of the development of
phonological and semantic lexical links in monolingual infants and to clarify the role of
participants' vocabulary size in the development of such links between words in the early
lexicon. Not only will such a longitudinal design allow us to better pinpoint the role of
infants’ vocabulary size on the development of phonological and semantic links between
words, the simultaneous comparison of phonological and semantic priming effects on the
same cohort of children across this period of development, will allow us to examine how the
development of phonological and semantic links mutually influence one another. This will be
of key importance to previous studies and models of lexical organisation (Huettig &
McQueen, 2007; Chow, Aimola Davies & Plunkett, 2017; Gaskell & Marslen-Wilson, 2002),
highlighting how the semantic and phonological properties of words interact during the
development of lexical links between words to support word recognition.
1.1. Phonological priming effects in early childhood

The study of phonological links in the early lexicon is typically undertaken by
presenting infants with words, which overlap in some phonological features, and examining
the time course and pattern of their recognition of the related words. These studies show, for
instance, that 18-month-olds recognize a target better (e.g., dog) when it is preceded by a
phonologically related prime (e.g., door) compared to an unrelated word (e.g., boat, Mani &
Plunkett, 2010). However, this initial facilitation effect morphs into an interference effect at
24-months of age (Mani & Plunkett, 2011), such that two-year-olds look longer to the target
(e.g., dog), when it is preceded by an unrelated word (e.g., boat) compared to a related word
(e.g., door). This shift has been attributed to the increasing number of phonologically similar
sounding words known by older children. This suggestion is supported by the finding that

phonological interference effects are mediated by the cohort size of prime and target words
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(Mani & Plunkett, 2008, 2011) used. The authors explain this result by suggesting, as
proposed in some models of word recognition (Marslen-Wilson & Welsh, 1978; Gaskell &
Marlsen-Wilson, 2002), that other similar sounding words are retrieved during word
recognition. When the number of alternative phonological overlapping candidates exceeds a
critical mass, their activation interferes with target recognition. They further explain the
contrast between the findings at 18- and 24-months of age with a switch from phonologically
to lexically driven effects with increasing vocabulary size (Mani & Borovsky, 2017). Early in
life, with fewer words in the lexicon, hearing similar words may not trigger similar inhibitory
lexical level effects and recognition may be eased by the phonological overlap between
words. The larger vocabularies later in development may lead to greater competition between
words and the introduction of inhibitory links between words in more mature lexicons (see
also Mayor & Plunkett, 2014).

Indeed, a similar pattern of results is reported by Swingley, Pinto, & Fernald (1999)
with 24-month-olds and adults. In this case, they manipulated the phonological overlap
between the labels of target and distractor images (onset-overlap, e.g., tree-track, rhyme-
overlap, e.g., duck-truck or unrelated, e.g., ball-duck). They found that the toddlers were
slower to recognize the target when a competing distractor with a similar onset was presented,
but not when target and distractor rhymed or shared no phonological overlap. Note, however
that Altvater-Mackensen and Mani (2015) report a phonological priming effect when the
prime and target rhymed but differed on the initial consonant, for example as in the German
pair Fisch-Tisch (Engl. “fish-table”), suggesting that toddler’s word recognition may also be
affected by the phonological similarities on the rhyme of the words (see also Altvater-
Mackensen & Mani, 2013).

The phonological priming paradigm has also been applied with children with hearing
loss (Jerger, Tye-Murray, Damian, & Abdi, 2016) and Downs syndrome (Ramos-Sanchez &

Arias-Trejo, 2018), highlighting the pervasiveness of this finding. In addition, this
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phonological priming paradigm has been applied with bilingual children and adults using
eyetracking (Von Holzen & Mani, 2012; Von Holzen, Fenell, & Mani, 2018) and ERP
methodologies (Von Holzen & Mani, 2014), showing that phonological priming effects also
occur across languages in bilingual toddlers.

Continuing with the investigation of the neurological underpinnings of the
phonological priming effects, Becker, Schild and Friedrich (2014) presented 6-, 12-, 18- and
24-month-olds pairs of an isolated syllable (prime) followed by a disyllabic spoken word
(target), which were either congruent (e.g., ma-Mama, Engl. mommy) or incongruent with
that prime (e.g., so-Mama). The authors found that even 6-month-olds appear to use the prime
to ease processing of the subsequent phonologically similar target. However, only 24-month-
olds showed suggestions of a left-lateralized P350-like deflection, which is an event-related
potential related to word recognition in adults. Becker, Schild and Friedrich (2017) extended
this with younger infants (3-month-olds) to suggest that infant speech processing shifts from a
prosodic focus to a phonemic focus at 6-months of age, with early word recognition being
primed by prosodic overlap and later recognition primed by phonological overlap (see also,
Teickner, Becker, Schild & Friedrich, 2018).

Taken together, the reviewed literature highlights a developmental trend where
experience with language plays an important role in the development of phonological links
between words, with one potential sensitive period between 3- to 6-months of age, and a
further period between 18- and 24-months of age (Mani & Borovsky, 2017; Mayor &
Plunkett, 2014). Against this background and given our focus on the formation of /lexical links
between early words, we examine the development of phonological links between words
during this latter period of 18- to 24-months of age.

1.2. Semantic priming effects in early childhood
The study of the semantic organization in the early lexicon is typically undertaken by

presenting children with words related in meaning and examining the recognition of a given
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word when it was preceded by a semantically related prime compared to an unrelated prime.
Studies adapting the IPL paradigm with semantic priming initially examined the formation of
taxonomically and associative links between words in the early lexicon. Taxonomic semantic
links refer to words that are exemplars of the same supra-ordinate category, e.g., the words
dog and chicken which form part of the category animal. In contrast, associative links
describe pairs of words that frequently co-occur in language use (e.g., dog-bone). Combining
the two, the pair e.g., dog-cat, highlight a combined taxonomic and associative link between
words.

Based on this distinction, research suggests that at 18-months infants do not display
sensitivity to either associative or taxonomic links between words (Arias-Trejo & Plunkett,
20009; see also Styles & Plunkett, 2009, 2011). Later on, at 21-months of life, infants
demonstrate a semantic priming effect, looking longer to a target when it was preceded by the
presentation of a taxonomically and associatively related prime (Arias-Trejo & Plunkett,
2009). Then, only at 24-months of age do toddlers show sensitivity to not only combined
associative and taxonomic links (Styles & Plunkett, 2009, 2011), but also to purely
associative or purely taxonomically links between words (Arias-Trejo & Plunkett, 2013).

Some recent studies applying simplified versions of the experimental design in word
recognition tasks, however, report earlier semantic priming effects. For instance, Bergelson
and Aslin, (2017b) presented 12- to 14-month-old infants with pairs of pictures (e.g., foot and
Jjuice) as they named a matching word (e.g., foot) or an absent but semantically related word
(e.g., sock). Here, while younger children fixated the target, i.e., foot, equally in matching and
semantically related conditions, older children fixated the referent more in the matching
condition relative to the semantically related condition. The authors interpret these findings as
highlighting the fine-tuning of early semantic representations during the second year of life.
Similarly, applying other methodologies such as the Head Turn Preference Procedure (HPP),

studies report earlier semantic priming effects in 18-month-olds (Delle Luche, Durrant,
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Floccia & Plunkett, 2014) and semantic priming effects at 24-month-olds (Willits, Wojcik,
Seidenberg & Saffran, 2013). These studies typically present children with lists of related
(e.g., dog, cat, cow, pig) or unrelated words, and examine differences in listening times to the
former relative to the latter as an index of sensitivity to the semantic relatedness of words. The
authors explain the difference in results between the IPL studies and the Head Turn
Preference studies with recourse to the paradigm used: the IPL paradigm, e.g., in Arias-Trejo
and Plunkett (2013) requires to infants to simultaneously process visual and auditory
information entailing a higher cognitive load relative to the HPP method (Delle Luche et al.,
2014).

As with phonological priming effects, the pervasiveness of semantic priming effects is
underscored by similar findings in bilingual toddlers (Singh, 2014) and there is also extensive
investigation of the neurological underpinnings of these effects. ERP studies typically
concentrate on a negative going potential, the N400, which peaks around 350ms and 550ms
post-target onset and is typically more negative for unrelated than for semantically related
prime-target word pairs (Kutas & Hillyard, 1980). A negative potential in a similar time
window has been studied in infants to investigate the influence of the semantic memory
structure on language processing (Mills, Coffey-Corina & Neville, 1997; Mills et al, 2004). In
Mills et al. (1997), the authors report that 13- to 20-month-old infants show larger N200 and
N375 potentials to familiar words than for novel or backward words, indicating that these
components reflect word recognition. In addition, an N400-like response has been found in
incongruous picture-word matching studies (e.g., naming dog, while displaying the image of a
car) highlighting infants’ sensitivity to the semantic match between a label and a referent
picture (Friedrich & Friederici, 2004, 2006; Torkildsen et al., 2006). Importantly, in their
study, Torkildsen et al. (2006) manipulated the type of incongruity presented to 20-month-
olds infants, ranging from either within-category (e.g., naming a cat displaying the picture of

a dog) or between-category mismatch (e.g., naming a car displaying the picture of a dog).
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Although they report an N400-like effect for both conditions, this was larger for the between-
category incongruity than the within-category incongruity (see also Torkildsen et al., 2007;
Rimad et al., 2013). Rdma et al. (2013) in particular, presented 18- and 24-month-olds with an
acoustic semantic priming task, where they heard pairs of words which were either
taxonomically related (e.g., train-bike) or unrelated (e.g., chicken-bike). The N400-like
priming effect was observed only in the 24-month-olds and in the 18-month-olds with higher
expressive vocabulary. Similar to the results reported by Arias-Trejo & Plunkett (2011) and
the results on phonological priming (Mani and Plunkett, 2010, 2011), these findings describe
a developmental trend where children, by the end of their second year of life, are sensitive to
the semantic links between words. This developing sensitivity to these links may, further, be
keenly related to the vocabulary size of the children rather than merely chronological age
(Rdmd et al., 2013).
1.3. Vocabulary and lexical-semantic links in infancy

A number of studies on word recognition in infancy have found evidence of effects of
infants’ vocabulary size on the electrophysiological response to words in the infant brain. For
example, as noted earlier, the N400-like response to semantically related words was
modulated by children’s vocabulary size at 18-months of age (Rdmi et al., 2013). Similarly,
in a longitudinal study, Borgstrém, Torkildsen and Lindgren (2015), found a relation between
N400 amplitude to shape similarity between prime and target at 20-months and productive
vocabulary size at 24-months. These results suggest that differences in sensitivity to shape
similarity between words may be related to later lexical development. In another longitudinal
study, Friederich and Friederici (2006) found that children, with a larger vocabulary size at
30-months of age, already displayed an N400 in conditions of lexical priming (e.g., naming
dog while displaying the picture of a dog) at 19-months. Chow, et al. (2017) similarly report
that individual differences in vocabulary size predicted better access to phonological and

semantic information than participant's age at testing. Specifically, they found that 24- to 30-
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month-olds with larger receptive vocabularies, were more likely to fixate a phonological
distractor than children with smaller vocabularies. With a different sample (from 25- to 30-
months-old), participants’ expressive vocabulary size predicted toddlers’ preference to fixate
a thematically related distractor (Chow et al., 2017). These results suggest that children’s
receptive and expressive vocabulary sizes may modulate their sensitivity to phonological and
semantic links between words. A similar pattern is found in earlier studies: Mani & Plunkett
(2011) report that the number of words known to children that overlapped with the target
significantly impacted children’s target recognition, suggesting again that the words
understood by children that overlap along specific dimensions can modulate the phonological
priming effects found. Mani & Huettig (2012) meanwhile report that sensitivity to the
thematic links between verbs and their patients was modulated by the expressive vocabulary
size of the children tested. Taken together, these studies suggest that individual variation in
vocabulary size may, therefore, lead modulate sensitivity to phonological and semantic links
between words in individual children, with potentially earlier sensitivity to such links in
children with larger vocabularies. This highlights the need for a longitudinal investigation of
the development of phonological and semantic links between words in young children,
controlling, in particular for variation in individual vocabulary sizes.

Indeed, a wide corpus of research on the effects of infants’ vocabulary on word
recognition systematically suggests that higher vocabulary sizes in infancy correlate with
higher accuracy and shorter reaction times in word recognition tasks (Fernald, Perfors, &
Marchman, 2006). For instance, 18- to 21-month-olds with larger vocabularies were more
accurate at recognizing a target based on partial phonetic information than their pairs with
lower vocabulary (Fernald, Swingley & Pinto, 2001). This result indicates that efficiency in
speech processing is correlated with a rich lexicon and that vocabulary size and accuracy in
language processing may interact dynamically and in a cascaded manner generating

consequences for subsequent real-time language processing and language learning.
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1.4. The current study

The current study provides a longitudinal examination of developmental changes in
children’s sensitivity to phonological and semantic relatedness between words while
controlling for individual differences in participants’ vocabulary size. Previous research on
phonological and semantic priming effects have worked with single age groups and used
cross-sectional designs. To our knowledge, this is the first attempt to measure phonological
and semantic priming effects longitudinally in infancy. Such a design, we argue, may allow us
to better characterise children’s developing sensitivity to phonological and semantic links in
the early lexicon, with especial regard to role of chronological age and individual differences
in children’s vocabulary sizes in predicting such effects across development.

In our study, participants took part at three time points, at 18-, 21- and 24-months-old.
We focused on these ages, because infants substantially increase their vocabulary during this
period (Bates & Goldman, 1997; Fenson et al. 1994; Szagun, Stumper & Schramm, 2009) and
previous studies have highlighted the development of priming effects between these ages
(Arias-Trejo & Plunkett, 2009, 2013; Mani & Plunkett, 2010, 2011; Styles & Plunkett, 2009,
2011). In each session, participants were exposed to two phonological and semantic
conditions each (related and unrelated), such that each participant saw four combinations of
prime-target pairs, namely, phonologically related (Phon-Rel), phonologically unrelated
(Phon-Unrel), semantically related (Sem-Rel) and semantically unrelated (Sem-Unrel).

Given the studies reviewed above, we expected to find early facilitation effects in
phonological priming (at 18-months) that morph to interference effects at the later ages (21-
to 24-months) tested, and the development of semantic priming effects only towards these
later ages (Mani and Plunkett, 2010, 2011; Arias-Trejo & Plunkett, 2009, 2013). Furthermore,
we also predicted effects of vocabulary size on word recognition with potentially earlier
effects of semantic and phonological priming at each of the ages in children with larger

vocabularies. Of interest is also the extent to which the finding of priming effects at the earlier
13
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ages modulates the priming effect at later ages, both within and across relatedness conditions,
i.e., phonologically and semantically related trials.
2. Material and method
2.1. Participants

Data from 38 children (20 females, 18 males) from German-speaking families with
typical development were included in the analysis. An additional 28 infants were excluded for
further analysis due to: missing a follow up session (n = 13), missing follow up information (n
= 2), auditory problems reported on the first session (n = 1), being exposed to more than 20
hours a week of another language at home (n = 3), technical problems (n = 1) or other
exclusion criteria (n = 8; see subsection “Data Processing”). Participants were recruited from
the laboratory database. Of the families included, 89.64% included families where one or both
caregivers were in full or partial employment, 92.31% included families where one of both
caregivers were college-educated. At the first session, infants were on average 18.19 months
old (age range = 17.73 - 18.93); at the second session, they were on average 21.42 months old
(age range = 20.53 - 22.73) and at the last session they were on average 24.65 months old
(age range = 23.90 - 25.23). The Ethics Committee of the Institute for Psychology approved

the study prior to the start of data collection.

2.2 Stimuli

Ninety-six nouns familiar to children from 18- to 24-months of age according to the
Fragebogen zur Friihkindlichen Sprachentwicklung (FRAKIS; Szagun, et al., 2009) were
selected as stimuli. With those words, we formed 32 triplets, each of which constituted the
stimulus for a single trial.

Auditory stimuli were recorded by a native German female speaker using infant-
directed speech. Prime words with their indefinite article were recorded in isolation and then

inserted into one of three carrier phrases (i.e., “Hey! Ich habe ein/e [Prime]”, “Wow! Ich sehe
14
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ein/e [Prime]”, or “Huhh! Ich kaufe ein/e [Prime]”, Engl. “Hey! I see a [Prime]!”, “Wow! [
have a [Prime]!” or “Huhh! I buy a [Prime]!” respectively) where the word used as prime
always occurred in the final position. Target words were similarly recorded in isolation and
then inserted into the trial following the prime word in each condition. Auditory stimuli were
subsequently processed using GoldWave software (St. John’s, Newfoundland and Labrador,
Canada). Three different prototypical images depicting the target and distractor labels on a
grey background were chosen from public libraries available online, to ensure that children
did not see the same image in each session. Images of the prime label were never presented to
children. Images were edited using GNU Image Manipulation Program. Finally, using Video
moviemaker, the auditory and visual stimuli were combined according to condition to create a

separate video for each trial presented to children.

2.3. Apparatus

During the experiment, gaze data from both eyes were recorded using a Tobii X120
eye tracker. The videos were presented in the middle of a 40 screen located immediately
above the eye tracker. The eye tracker was set to record gaze data at 60 Hz with an average
accuracy of 0.5° visual angle. The Tobii Studio 3.3.2. Package was used to present videos to
the children during the experiment. Prior to testing, participants were calibrated using a 5-
point calibration procedure. The experiment started only when all points were successfully
calibrated for both eyes. Loudspeakers hidden above the screen located to the left and right of
the screen presented the auditory stimuli. Participants sat approximately 60 cm from the

screen.

2.4. Procedure and Experimental Design
Due to the limited number of words familiar to children at 18-, 21- and 24-months-old,

we repeated the presentation of a subset of words from session to session. At the first session,
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we presented 24 trials (six trials per type ‘Phonological’ or ‘Semantic’ and condition
‘Related’ or ‘Unrelated’). We added eight trials in the subsequent sessions (two per type and
condition), which included words typically acquired after 18-months of age. For the trial
presentation, we followed a within-subjects design, where trials appeared in a pseudo-random
order, with no more than three consecutive trials of the same type in succession. The order of
trial presentation was different across sessions.

Each participant attended one session every three months, at 18-, 21- and 24-months
of age. Prior to each visit, caregivers filled out a subset of the FRAKIS (Fragebogen zur
fruhkindlichen Entwicklung) a German communicative inventory to provide us an estimate of
participants’ vocabulary size (Szagun, et al., 2009). At the beginning of each session, families
were welcomed in the lab and were given a few minutes to familiarize themselves with the
environment and experimenter. Once caregivers were informed about the goal and procedure
of the study, they signed an informed consent form and filled out a questionnaire to provide us
with information as to the socio-economic status of the family. Then one caregiver and the
child were directed to the experimental booth. There, children were seated either in a car seat
or on their caregivers’ lap. In the latter case, the caregiver was given a pair of opaque glasses
to wear or was asked to close their eyes to prevent the recording of their eye-movements. All
caregivers were asked not to point at or repeat names of the words presented during the study.
Participants were rewarded with a book upon completion of the study. This procedure was
repeated in each session, which in total lasted approximately forty-five minutes.

In each session, participants were presented with four different kinds of trials which
manipulated the relationship between the prime and target label presented (i.e., unrelated or
related) and the kind of overlap between the target and prime (i.e., semantic or phonological).
This resulted in four types of trials, namely, phonologically related (Phon-Rel),
phonologically unrelated (Phon-Unrel), semantically related (Sem-Rel) and semantically

unrelated (Sem-Unrel). See Tables 1 and 2 for a complete list of the word pairs used in the
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study at 18- months, 21- and 24-months respectively, as well as the pairing of word pairs

across semantic and phonologically related and unrelated trials).
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Table 1.

Triplets of prime- target and distractor labels used at the first

Prime label

session.Phonological Priming

Unrelated label

Target Picture

Distractor

Picture

Prime label

Semantical Priming

Unrelated label

Target Picture

Distractor Picture

Auto ‘car’

Ball “ball’
Bauch ‘belly’

Bus ‘bus’

Ei ‘egg’

Finger ‘finger’

Haar ‘hair’
Katze ‘cat’
Kuh ‘cow’
Miill ‘trash’

Puppe “doll’

Trecker ‘tractor’

Haar ‘hair’
Katze ‘cat’

Puppe “doll’
Bauch ‘belly’

Bus ‘bus’

Miill “trash’
Ball “ball’
Finger ‘finger’
Ei ‘egg’

Auto ‘car’

Auge ‘eye’

Banane ‘banana’
Baum ‘tree’

Buch‘book’

Eimer ‘bucket’

Fisch “fish’

Hase ‘rabbit’
Kaffee ‘coffee’
Kuchen ‘cake’
Miitze ‘cap’

Pullover ‘sweater’

Bonbon ‘sweet’

Uhr “clock’
Stuhl ‘chair’

Keks cookie’

Decke ‘blanket’
Deckel “top lid’

Joghurt
‘yoghurt’
Stein‘stone’
Lastwagen
“lorry’
Tiger ‘tiger’

Igel “hedgehog’

Affe “‘monkey’
Apfel‘apple’
Bagger
‘excavator’
Brot “bread’
Butter ‘butter’

Fuss ‘foot’

Hund “dog’
Loffelspoon’
Nase ‘nose’
Schuh‘shoe’

Socke sock’

Loffelspoon’

Socke“sock’
Affe ‘monkey’

Vogel ‘bird’

Nase ‘nose’

Apfel‘apple’

Butter ‘butter’
Fuss “foot’
Hund ‘dog’

Brot ‘bread’
Bagger

‘excavator’

Ente“duck’
Milch ‘milk’
Flugzeug
‘plane’

Eis ‘ice cream’

Waurst ‘sausage’

Ohr ‘ear’

Pferd ‘horse’
Tasse ‘mug’
Arm ‘arm’
Hose ‘trousers’

Jacke ‘jacket’

Bahn ‘train’

Windel “diaper’
Litzchen ‘bib’

Telefon ‘phone’
Fliege ‘fly’
Motorrad

‘motorcycle’
Schliissel ‘key’
Eule ‘owl’
Saft ‘juice’
Rutsche ‘slide’

Nudeln ‘pasta’
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Trecker “tractor’ Kuh ‘cow’ Treppe‘stairs’ Blume ‘flower’  Vogelbird’ Schuh‘shoe’ Maus ‘mouse’ Tiir “door’
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Table 2.

Triplets of prime- target and distractor labels used at the second and third sessions.

Phonological Priming

Semantical Priming

Prime label Unrelated label ~ Target Picture Distractor Picture  Prime label Unrelated label Target Picture Distractor Picture
Schaukel )

Auto ‘car’ . Auge ‘eye’ Bonbon ‘sweet’ Affe “‘monkey’ Loftel‘spoon’ Ente“duck’ Bahn ‘train’
swing’

Ball “ball’ Teddy“teddy’ Banane‘banana’ Uhrclock’ Apfel‘apple’ Bein‘leg’ Milch‘milk’ Windel“diaper’

Bauch‘belly’

Bus‘bus’

Ei‘egg’

b

Finger‘finger

Haar hair’
Katze*cat’
Kuh‘cow’

Muill‘trash’

Puppe‘doll’

Katze“cat’

Puppe‘doll’
Bauch‘belly’

Auto‘car’

Ball‘ball’
Haar hair’
Finger‘finger’

Ei‘egg’

Becher‘glass’

Baum*tree’

Buch‘book’

Eimer‘bucket’
Fisch‘fish’

Hase‘rabbit’
Kaffee coffee’
Kuchen‘cake’
Miitze cap’

Pullover‘sweater

b

Stuhl‘chair’

Keks cookie’

Decke blanket’
Deckel‘top lid’

Joghurt‘yoghurt’
Stein‘stone’

Lastwagen‘lorry
Tiger‘tiger’

Igel*hedgehog’

Bagger‘excavator

2

Brot‘bread’
Butter ‘butter’

Fuss‘foot’

Hund‘dog’
Loftel‘spoon’
Nase‘nose’

Schuh‘shoe’

Socke sock’

Messer ‘knife’

Vogel ‘bird’

Nase‘nose’

2

Apfel‘apple

Schuh‘shoe’
Socke“sock’
Hund‘dog’
Butter‘butter’

Fuss‘foot’

2

Flugzeug‘plane

Eis‘ice cream’

Waurst‘sausage’
Ohr‘ear’

Pferd horse’
Tasse'mug’
Arm‘arm’

Hosetrousers’

Jacke‘jacket’

Léatzchen bib’

Telefon‘phone’
Fliege fly’
Motorrad“motorcyc

b

e
Schliissel‘key’
Eule‘owl’
Saft‘juice’

Rutsche‘slide’

Nudeln‘pasta’
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Trecker tractor

2

Becher‘glass’
Schaf"sheep’

Schaukel‘swin

2

g
Teddy teddy’

Kuh‘cow’
Trecker tractor’

Miill‘trash’

Bus‘bus’

Schaf"sheep’

Treppestairs’
Bett*bed’

Schal‘scarf’

Schaufel‘shovel’

Teller‘plate’

Blume*flower’

Huhn‘chicken’

Ballon‘balloon’

Mohre carrot’

Besen‘broom’

Vogel ‘bird’
Bein‘leg’

Kiése“cheese’

Messer ‘knife’

Schwein‘pig’

Brot‘bread’
Affe‘monkey’
Schwein‘pig’

Bagger‘excavator

2

Kiése“cheese’

Maus‘mouse’

Mund‘mouth’
Pommes"‘french

fries’
Flasche bottle’

Elefant‘elephant’

Tiir*door’
Topf*pot’

Lampe‘lamp’

Schnecke‘slug’

Tisch table’
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In Phon-Rel trials, we defined the phonological relationship between prime and target
as words that shared the initial phonemes (C or CV), e.g., Bauch-Baum (Engl. ttmmy-tree;
see Ramos-Sanchez & Arias-Trejo, 2018 for a similar approach). The Sem-Rel trials were
formed by words which were exemplars from the same superordinate category but were not
strongly associated with one another according to the Noun Associations for German database
(Melinger & Weber, 2006). Importantly, targets and primes in Phon-Rel trials did not belong
to the same superordinate category, nor were they associatively related, and nor were they
visually similar. Targets and primes in Sem-Rel trials were phonologically unrelated and did
not overlap along visual dimensions either, as for example Loffel-Tasse (Engl. spoon-cup).
We used the same targets and primes in the unrelated pairs as in the related pairs ensuring that
each prime was paired with a target which did not overlap either phonologically or
semantically, i.e., did not overlap in their initial phonemes and formed part of different
category groups. For example, Bauch-Eimer in the Pho-Unrel condition (Engl., stomach-
bucket); and Ldffel-Ente (Engl. spoon-duck) for the Sem-Unrel condition. The words used
appear uniquely in one of the two relationships studied here, that is, either in the phonological
condition (Phon-Rel or Phon-Unrel) or in the semantic condition (Sem-Rel or Sem-Unrel).
Across sessions and participants, words were counterbalanced such that primes and target-
distractor pairs appeared equally often in the related and unrelated conditions (within
phonological or semantic lexical links). In addition, the side of presentation of the target
picture side (left-right) was counterbalanced across infants.

A difference with other priming studies (Arias-Trejo & Plunkett, 2009, 2013; Mani &
Plunkett, 2010, 2011) is that, nouns in German have obligatory grammatical gender (neutral,
feminine or masculine) and gender-marker determiners that precede them. When selecting the
triplets (prime-target-distractor), we ensured that prime and target did not uniquely overlap in
gender, given that previous findings show gender based priming effects (Bobb & Mani,

2013). This was not always possible with the distractor. As a result, we produced four
22



VOCABULARY SIZE AND LEXICAL PRIMING IN INFANCY

possible stimuli combinations: 1) all words had a different gender; 2) all words had the same
gender — thus the target and distractor are similarly primed with regards to gender-; 3) target
and distractor words had the same gender and it was different to prime gender; or 4) target
and distractor had different gender which may overlap with prime (i.e., triplets Miillm-Miitzet-
Tigerm and Butters-Pferda-Schliisselr; Engl. waste-hat-tiger and butter-horse-key,
respectively). To ensure that the results were not skewed by such gender effects, the final
analysis reported excludes these last trials.

We used an adaptation of the IPL paradigm similar to Arias-Trejo and Plunkett (2013)
combined with eye tracking. Trial begin was manually controlled by the experimenter once
the child fixated a green fixation cross at the centre of the screen. The trial began with the
presentation of the carrier phrase containing the prime stimulus combined with the display of
a centrally located black fixation cross. Importantly, the prime was presented in absence of
any visual stimuli aside from the fixation cross. The prime label offset was timed at 2500ms
from the trial onset. Following an interstimulus interval of 500ms (i.e., 3000ms into trial), the
target label was presented. The target and distracter pictures followed and appeared after a
stimulus onset asynchrony of 200ms (i.e., 3200ms into trial) and they remained on screen for

2500ms. Thus, the total duration of each trial was 5700ms (see Figure 1).

23



VOCABULARY SIZE AND LEXICAL PRIMING IN INFANCY

-+ \j

wd) Oh! Ich sehe eine Ball wf)) Eine Banane!

‘ 500ms IST ‘ ‘ 200ms SOA ‘ ‘ 2500ms
s 2500ms 3000ms  3200ms. 5700ms
Prime offset Target audio  Target- Distracter Trial
onset picture onset End

‘))) Engl. “Oh!Isaw a ball!” ‘))) Engl. “banana!”

Figure 1. Trial stimuli sequence presentation.

2.5. Data processing

A custom code written in R (R Development Core Team, 2008) was used to process
fixation data exported from the eye tracker. The eye-tracker provides an estimate of X and Y
coordinates of children’s fixations on the screen, with one data-point every 16ms. Data from
time-stamps were only included when the eye tracker reliably acquired data from one or both
eyes of the participant (validity less than 2 on Tobii scale) during picture presentation (i.e.,
3200ms to 5700ms on trial). These timestamps were then divided into 40ms time bins (i.e.,
63-time bins). Then, areas of interest (AOI) on the screen were defined according to the size
of target and distractor images (i.e., 360 by 360 pixels) plus a frame of 60 pixels (up, down,
left and right sides, i.e., 480 by 480 pixels), positioned to 360 pixels high on the monitor and
with margin of 380 pixels between them. Based on these datapoints, we calculated our
dependent variable, which is the proportion of target looking (PTL) by bin for each trial,
namely the number of trials where children fixate the target at each time bin relative to the

number of trials where children fixate the target and distractor. We only included data from
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240ms to 2000ms after the onset of the pictures (3440-5200ms on trial, 45 bins) to ensure that
only fixations that could reasonably be considered a response to stimulus presentation were
included (Fernald, Pinto, Swingley, Weinberg, & McRoberts, 1998).

We applied three trial exclusion criteria. First, we removed those trials in which
infants fixated the screen less than 20% of the total duration of the trial (ca. 12 bins or
500ms). We applied this criterion to eliminate those trials in which participants were not on
task (see Borovsky, Ellis, Evans, & Elman, 2016 for a similar approach). Second, we removed
those trials in which participants fixated uniquely the target or uniquely the distractor during
the presentation of the images. This was to ensure that we removed any trials where fixations
may have been driven solely by children’s visual preferences for one of the two displayed
pictures. Third, as noted above, we excluded trials from the analysis where the gender of
words was not adequately controlled. After applying these criteria, we excluded the data of
eight participants, because they failed to provide at least one trial in all conditions (Phon-Rel,
Phon-Unrel, Sem-Rel and Sem-Unrel) across the three sessions (18-, 21- and 24-months). In
summary, we maintained 54,80% of the trials of the first session (n = 445); 64,65% of the
trials of the second session (n = 717), and 70,99% of the trials of the third session (n = 815).
The subsequent analyses were performed on the remaining data set. The issue of sparse data is
a frequent inherent problem in infant research, but it is necessary to consider only those trials
in the analysis, in which we can ensure that children were on task and that the effects are

mediated mainly by the relationship between prime and target labels.

2.6 Statistical analysis
We report two analyses. First, we carried out a factorial mixed design ANOVA in R
version 3.5.1 using ez package (version 4.4.-0; Bakeman, 2005) with separate subsets of data

based on the type of link between prime and target (phonological and semantic trials). We
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introduced Session (18-, 21- and 24-months-old), and Condition (Related or Unrelated) as
within-subjects factors and Vocabulary Group (Low or High) as between subjects-factor.

A second analyses used Growth Curve Analysis on the fixation data. This analysis has
two advantages with relative to the traditional ANOV As reported above. First, this allows us
to capture variance between subjects across conditions (as a nested random effect), which is
particularly important in such longitudinal data. Second, it allows us to enter both receptive
and expressive vocabulary size into the model to tease apart the independent contributions of
these two measures. We analysed the eye-tracking data using mixed-effects growth curve
analyses with the proportion of target looking (PTL) at each time bin throughout the trial as
the dependent variable (Mirman, Dixon, & Magnuson, 2008, see also Mirman, 2014). This
statistical analysis was carried out in R using Ime4 package (version 1.1-19; Bates, Méchler,
Bolker, & Walker, 2015) to calculate two-level mixed-effects growth curve models with full
information maximum likelihood estimation. The models compared each type of lexical link
separately (i.e., Phonologically Related and Unrelated trials on the one hand and Semantically
Related and Unrelated trials on the other). PTL across the 45 time bins were used as Base
model observations. We modelled linear, quadratic and cubic terms to estimate the slope,
acceleration and inflections in the extremities of the pattern of fixations across time. We used
orthogonal polynomial transformations for the time bins at the linear, quadratic and cubic
terms to ensure that time on trial was orthogonal to each other and the correlations between
time elevated to the different exponentials do not arise due to the mere increase in the
numbering. We included Session as a fixed effect to the Base model to account for the natural
increase in accuracy in word recognition achieved by children across sessions. The Unrelated
trials in the factor Condition and the 18-months level in the factor Session were treated as the
baseline for parameter estimations. We included Participants and nested effects of
Farticipant and Condition across all models as random effects. Both random effects were

nested within the Linear and Quadratic temporal terms to capture the variance associated with
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each participant at acceleration and the central curve inflection on target recognition through
the trial. We added the random effect Participant: Condition to provide information about the
variability associated with the dependency of the PTL on each condition contributed by each
participant for a given time bin. Further Level-2 models were computed to determine whether
adding Condition (Related against Unrelated trials) provided a better statistical model fit of
the data. Next, additional models were calculated including either the participant’s Receptive
or Expressive Vocabulary Size, to estimate the improvement of the model when including
those factors. Changes in model fit were evaluated using -2 times the change in log-
likelihood, which is distributed as chi y*> with degrees of freedom equal to the number of
parameters added for each comparison. Statistical significance (p-values) for individual
parameter estimates were assessed using the normal approximation (i.e., treating the ¢t-value as
a z-value).

Finally, we calculated correlations between the random effects estimated at the linear
and quadratic temporal term for each type of lexical link (Phonological and Semantic) within
sessions, to determine whether performance on each lexical link correlate with performance
on the other type of lexical link.

3. Results
3.1. Phonological Related and Unrelated Trials

Firstly, a factorial mixed design ANOV A was carried out on the phonologically
related and unrelated trials with Session (18-, 21- and 24-months-old), and Condition (Related
or Unrelated) as within-subjects factors; and Vocabulary Group (Low or High) as between
subjects-factor. The factor Vocabulary Group was defined by the median split of the sum of
the receptive vocabulary size in each session. Here effects sizes are indicated by the
generalized eta-squared produced by the ezZANOVA function. There was no significant effect
of Session F(2,72) = 0.36, p = .69, r = .00; Condition F(1,36) =1.87, p=.18, r=.01 or

Vocabulary Group F(1,36) = 1.02, p = .32, r = .00. There was no significant interaction
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between Session and Condition F(2,72) = 0.01, p = .99, r = .00; nor between Session and
Vocabulary Group F(2,72) =0.96, p = .39, r = .01; and nor between Session by Condition by
Vocabulary Group F(2,72) =0.21, p = .81, r = .00. However, there was a significant
interaction between Condition and Vocabulary Group F(1,36) = 4.84, p = .03, r =.02. As the
means plotted in Figure 2 suggest, overall, the proportion of target looking is modulated by
participants’ receptive vocabulary size and the condition (related, unrelated). In particular,
overall, participants with lower receptive vocabulary sizes fixated the target more robustly
when primed by a phonologically related prime relative to an unrelated prime, F(1,18) = 6.93,
p = .02 (see Figure 2). Paired #-test comparing the two conditions separated by high (#(18) = -
0.56, p = .58, r=.13) and low (#(18) = 2.63, p = .02, r = .53) receptive vocabulary size across
sessions, reveal overall phonological priming effects in lower receptive vocabulary

participants (Pho-Rel M = 0.56, SE = 0.01 and Pho-Unrel M = 0.51, SE = 0.01).

Target fixations on Phonologically related and unrelated trials
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Figure 2. Means of proportions of target looking for the phonologically related and unrelated

trials, grouped by condition and receptive vocabulary group (low in dark pink, and high in

grey).
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Separated repeated-measures ANOV As per session were carried out with Condition as
within-subjects factor and Vocabulary Group as between subjects-factor. In this analysis, the
factor Vocabulary Group was defined by the median split of participants receptive vocabulary
size in that session. Table 3 offers a description of participants vocabulary size in each

session.

Table 3

Participants receptive and expressive vocabulary size.

Age in Receptive vocabulary size Expressive vocabulary size

months Med M SD Range Med M SD Range
18 240  257.03 11629 44 -599 25 5481 5935 0-286
21 416  405.24 96.29 167-599 156 166.97 130.93 4-426
24 521 50197 7341 275-599 393 3935 17246 10-591

At 18-months-old, there was no significant effect of Condition (F(1,36) =0.45, p =
S1, r=.01), nor of Vocabulary Group (F(1,36) =2.62, p =.11, r =.03); and there was no
significant interaction between Condition and Vocabulary Group (F(1,36) =0.04, p = .84, r =
.00). At 21-months-old, there was no significant effect of Condition (F(1,36) =0.54,p= 47, r
=.01) nor of Vocabulary Group (F(1,36) = 1.34, p = .25, r = .01). However, there was a
significant interaction between Condition and Vocabulary Group F(1,36) =6.02, p = .02, r =
.10. Similar to the results at 18-months-old, at 24-months-old, there was no significant effect
of Condition (F(1,36) =0.92, p = .34, r =.01). There was a marginally significant effect of
Vocabulary Group (F(1,36) =4.01, p = .05, r = .05); and there was no significant interaction
between Condition and Vocabulary Group(F(1,36) =2.44, p = .13, r =.03).

Planned post hoc comparisons show no statistical differences between means of target

fixations in Related and Unrelated trials at 18-months-old in children with High (¢(18) = 0.37,
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p=.71,r=.09) or Low Vocabulary (t(18) = 0.56, p = .58, r = .03). At 21-months-olds, paired
t-tests revealed no statistical differences on means of target fixations between Related and
Unrelated trials in children with High Vocabulary (¢(18) =-1.59, p = .13, r = .35) and a trend
towards a significant difference between the two trial types in children with Low Vocabulary
(#(18) = 1.89, p = .07, r =.41). That is, at 21-months-old, there was weak support for the
conclusion that participants with lower receptive vocabulary size fixated the target more when
primed by a phonologically related prime (see Figure 3). At 24-months-old, there were no
statistical differences between means of target fixations on Related and Unrelated trials in
children with High Vocabulary (1(18)=-0.36, p = .73, r = .08). However, toddlers with Low
Vocabulary sizes, fixated the target more when presented with a related prime relative to an

unrelated prime, (#(18) =2.38, p = .03, r = .49; see Figure 4).

Target fixations of children at 21-months-old
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| Vocabulary
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Figure 3. Means of proportions of target looking at 21-months-old for phonologically related

and unrelated trials, grouped by condition and receptive vocabulary group (low in dark pink,

and high in grey).
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Target fixations of children at 24-months-old
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Figure 4. Means of proportions of target looking for phonologically related and unrelated
trials of participants with higher (grey) and lower (dark pink) receptive vocabulary size at 24-

months-old.

Due to the limitations of the analysis of variance as a method to account for the subtle
changes as the trial unfolds, and to tease apart the effects of receptive and expressive
vocabulary size further we carried out GCA with the data. In addition to the base model, three
separate models were computed: 1) Condition Model: a model adding to the Base Model, the
fixed and interaction terms of Condition, 2) Receptive Vocabulary Model: a model adding to
the Condition Model, the fixed and interaction effects of Condition and children’s Receptive
Vocabulary Size; and 3) Expressive Vocabulary Model: a model adding to the Condition
Model, the fixed and interaction effects of Condition and children’s Expressive Vocabulary
Size. The Condition Model was compared against the Base model and the Vocabulary models
were compared to the Condition Model. While all factors improved the fit of the model, the
model including Condition and Receptive Vocabulary Size offered the best fit for data from

the phonologically related and unrelated trials, as indicated in the Log-Likelihood ratio (see
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Table 5 for additional information regarding model fit comparisons). Thus, despite controlling
for age, the model found that adding participants’ Receptive Vocabulary Size improved model
fit. Vocabulary size is, therefore, a strong predictor of the priming effects over and above

chronological age.

Table 5.

Model comparison and measures of model fit for the Phonologically Related and Unrelated

trials.
Statistic Base Condition Receptive Vocabulary  Expressive Vocabulary
Model Model Model Model
LL 1841.23  1884.40 2019.38 2014.51
e - 86.34 269.94 260.21
Df 2 - 12 24 24
P - 0.00 *** 0.00%** 0.00%**

Note: log-likelihood (LL), Signif. codes: 0.001 "***' 0.01 "**' 0.05 "*'

The parameter estimates and their standard errors along with p-values (estimated using
the normal approximation for the t-values) are derived from the model that included Receptive
Vocabulary Size Model (see Appendix A for the detailed model output). Given our focus on
examining phonological priming across development, we list here only terms that interact
with Condition.

Here, we will walk through the significant terms in the model reported in Appendix A,
focussing mainly on the effects under investigation in the study. The significant effect of

Condition (Pho-Unrel vs. Pho-Rel) at the Intercept, the Quadratic and Cubic temporal terms
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reveal that the overall height, central inflections and extremities of fixations differ
significantly between phonologically related and unrelated trials, with an overall phonological
facilitation effect on word recognition.

The significant interactions between age (/8- vs. 24-months-old) and Condition at the
Quadratic and Cubic temporal terms and the significant interaction between age (21- vs. 24-
months-old) and Condition at the Quadratic temporal term reveal differences in the
phonological priming effect across age-groups. The significant interaction between Condition
and Receptive Vocabulary size at the Intercept, the Quadratic and Cubic temporal terms
suggest differences in target recognition across condition based on the vocabulary size of the
children. The significant interactions between age (/8- vs. 24- and 21- vs. 24- months),
Condition and Receptive Vocabulary size at the Intercept, Linear, Quadratic and Cubic
temporal terms suggest differences in phonological priming effects based on the age and
vocabulary size of the children tested.

Splitting by children’s receptive vocabulary size across sessions (i.e., Low vs. High;
see Appendix B for the model fits for children with lower and higher vocabulary size. The
results of the Condition Model applied to the data of children with Low vocabulary size
revealed significant effects of Condition at the Intercept on target fixations (estimate = -.02, p
=.02). Fitting the Condition Model to the data of children with High vocabulary size found no
significant effects of Condition on any of the temporal terms. These results suggest that
participants with lower receptive vocabulary size showed increased target fixations in
phonologically related trials relative to unrelated trials (see Figure 5, lower panel), while

participants with higher receptive vocabulary sizes did not.
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Figure 5. Target fixations in phonologically related and unrelated trials separated by
Receptive Vocabulary Size (High and Low). For clarification, participants were grouped
according to their receptive vocabulary median split at each session (i.e., Med1s-mo= 240,

Med21-mo = 416, and Med24-mo= 521).

Further age-wise comparisons were performed adjusting the Receptive Vocabulary
Model to the subset of data at 18-, 21- and 24-months-old (see results in Appendix C). At /8-
months, there was a significant effect of Condition at the Cubic temporal term (estimate = -
0.09, p < .01), suggesting that, at 18-months, children display early subtle target fixation
curves above chance level on phonologically related trials relative to unrelated trials (see
Appendix D.

At 21-months, there was a significant effect of Condition at the Cubic (estimate =
0.05, p < .00) temporal term and a significant interaction between Condition and Receptive

Vocabulary size at the Intercept (estimate = 0.04, p < .00), Quadratic (estimate = -0.18, p <
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.01) and Cubic (estimate = 0.05, p < .04) temporal terms. Splitting by Receptive Vocabulary
size, we found significant effects of Condition at the Intercept (estimate = -0.03, p = .02) and
Cubic (estimate = -0.05, p = .01) temporal terms in children with lower receptive Vocabulary
sizes and significant effects of Condition at the Quadratic (estimate = -0.14, p = .02) and
Cubic (estimate = 0.18, p < .00) temporal terms in children with higher receptive vocabulary
sizes. These results suggest that at 21-months, children with higher receptive vocabulary size
show phonological interference effects (Figure 7) while children with lower receptive

vocabulary size show phonological facilitation effects (Figure 6).
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Figure 6. Target fixations in phonologically related and unrelated trials separated by age (18-
months, 21-months, 24-months) for children from the Low Vocabulary Size group. For
clarification, participants were grouped according to their receptive vocabulary median split at

each session (i.e., Medis-mo= 240, Med21-mo = 416, and Med24-mo= 521).
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Finally, at 24-months-old, there was a significant effect of Condition at the Linear
(estimate = -0.25, p < .05), Quadratic (estimate = 0.23, p < .03) and Cubic temporal terms
(estimate = 0.28, p < .00) and a significant interaction between Condition and Receptive
Vocabulary size at the Linear (estimate = 0.30, p < .02) and Cubic (estimate = -0.28, p < .00)
temporal terms. Splitting by Receptive Vocabulary size, we found significant effects of
Condition at the Cubic (estimate = -0.11, p < .00) temporal term in children with higher
receptive vocabulary sizes and significant effects of Condition at the Quadratic (estimate =
0.19, p <.01) and Cubic (estimate = 0.19, p <.00) temporal terms in children with lower
expressive vocabulary sizes. Similar to the 21-month-olds, at 24-months, participants with
higher vocabulary size show phonological interference effects (Figure 7), while participants
with low receptive vocabulary size show phonological facilitation effects on word recognition

(Figure 6).
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Figure 7. Target fixations in phonologically related and unrelated trials separated by age (18-
months, 21-months, 24-months) for children from the High Vocabulary Size group. For
clarification, participants were grouped according to their receptive vocabulary median split at

each session (i.e., Medis-mo= 240, Med21-mo = 416, and Med24-mo= 521).

To summarize the results of both analyses, we find different patterns of target
recognition in phonologically related and unrelated words, depending on children’s receptive
vocabulary size. Both the traditional analyses and the GCA suggest that at 21-months,
children with low vocabulary size show phonological facilitation effects, with increased
fixations to the target in phonologically related trials compared to unrelated trials. In addition,
the results of the GCA suggested that children with high vocabulary size show a phonological
interference effect at 21-months, and an early phonological facilitation and later interference
effect at 24-months. At 18-months, we found only a significant effect of condition with no
interaction between condition and vocabulary size.

3.2. Semantic Related and Unrelated Trials

Considering only semantically related and unrelated trials, we implemented the same
factorial mixed design ANOVA, described in the previous section, with Session, and
Condition as within-subjects factors and Vocabulary Group as between subjects-factor.
Importantly, all ANOV As were carried out with receptive vocabulary size to maintain
consistency with the analyses of phonological priming effects. There was a significant effect
of Condition F(1,36) = 6.01, p =.02, r =.02 and Vocabulary Group F(1,36) =521, p=.03, r
=.02; but there was no significant effect of Session F(2,72) = 0.24, p = .79, r = .00. There
were no significant interactions between Condition and Vocabulary Group F(1,36) =0.29, p =

.59, r =.00; nor between Session and Condition F(2,72) = 0.80, p = .45, r = .01; nor between
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Session and Vocabulary Group F(2,72) = 0.79, p = .46, r = .01; neither between Session by
Condition and Vocabulary Group F(2,72) = 1.52, p =22, r = .02.

Additional repeated-measures ANOV As were carried out per session with Condition
as within-subjects factor and Vocabulary Group as between subjects-factor. At 18-months,
there was a marginally significant effect of Condition (F(1,36) = 4.26, p = .05, r = .05) and no
significant effect of Vocabulary Group (F(1,36) = 1.29, p = .26, r = .02) or a significant
interaction between Condition and Vocabulary Group (F(1,36) = 0.38, p = .54, r = .00). At
21-months, there was no significant effect of Condition (F(1,36) =1.92, p=.17, r =.03) nor
of Vocabulary Group (F(1,36) = 1.04, p = .31, r = .01); and there was no significant
interaction between Condition and Vocabulary Group (F(1,36) = 1.41, p = .24, r = .02).
Similarly, at 24-months, there was no significant effect of Condition (F(1,36) =0.10, p = .75,
r =.00), Vocabulary Group (F(1,36) = 0.21, p = .64, r = .00) or of the interaction between
Condition by Vocabulary Group (F(1,36) =2.62, p=.11, r =.05).

Planned post hoc comparisons show that there were no statistical differences between
means of PTL at 18-months between Related and Unrelated trials in children with High
(t(18)=-1.57, p = .13, r =..35) or Low Vocabulary (t(18)=-1.39. p = .18, r = .31). Also, at 21-
months, there was no statistical difference on PTL between Related and Unrelated trials in
children with High Vocabulary (¢(18)=-0.14, p = .89, r = .03), or Low Vocabulary (t(18) = -
1.75, p = .10, r =.38). Alike, at 24-months, there was no statistical difference between means
on PTL on Related and Unrelated trials in children with High (t(18) = 1.14, p = .27, r = .26)
or Low Vocabulary (t(18) =-1.18, p = .25, r = .27).

Next, we carried out GCA to describe the temporal changes on target fixation curves
on semantically related and unrelated trials. The same model structure and comparisons,
described in the previous section, were performed on semantically related and unrelated trials.
From model fits comparisons, the Expressive Vocabulary Model was the one which offered

the best fit to the data, as indicated in their highest Log-Likelihood ratio (see Table 6). This
38



VOCABULARY SIZE AND LEXICAL PRIMING IN INFANCY

presents a stark contrast to the data entered into the ANOV A, where we entered receptive
vocabulary size as a factor to maintain consistency with the phonological priming analyses.
However, we find that adding Expressive Vocabulary size improved model fit over and above

effects of chronological age.

Table 6.

Model comparison and measures of model fit for the Semantic related and unrelated trials.

Statistic  Base Condition Receptive Vocabulary ~ Expressive Vocabulary
Model Model Model Model

LL 909.26 930.37 1028.15 1138.58

e - 42.23 195.55 416.42

Df y? - 12 24 24

p - 0.00%** 0.00%** 0.00%**

Note: log-likelihood (LL), Signif. codes: 0.001 "#**' 0.01 "**

The parameter estimates and their standard errors along with p-values are derived from
the model that included Expressive Vocabulary Size (see Appendix E for detailed model
output). Given our interest in examining semantic priming, we list here only interactions with
condition. The results of the model including Expressive Vocabulary size and Condition found
no significant effect of Condition (Sem-Unrel vs. Sem-Rel trials) on any of the time terms.
However, there was a significant interaction between age (18- vs. 24-months-old) and
Condition at the Intercept, and Linear temporal term. There was also, a significant interaction
between age (21- vs. 24-months-old) and Condition at the Linear and Cubic temporal terms.
These interactions reveal differences in the semantic priming effect across age-groups. There

was a significant interaction between Condition and Expressive Vocabulary size at the
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Intercept, Linear, Quadratic and Cubic temporal terms, suggesting differences in the semantic
priming effect across children of different vocabulary sizes (see Figure 8). There was a
significant interaction between 21- vs. 24-months by Condition by Expressive Vocabulary size
at the Intercept and Quadratic temporal term and a significant interaction between 18- vs. 24-
months-old by Condition by Expressive Vocabulary size at the Linear temporal term. These
interactions suggest differences in children’s priming effects across age-groups depending on

their vocabulary size.

Further GCA were performed with subset of data according to children expressive
vocabulary size within session (i.e., Low vs. High, see Appendix F). The results of the
Condition Model applied to the data of children with Low vocabulary size revealed no
significant effects of Condition on target fixations. Fitting the Condition Model to the data of
children with High vocabulary size found a significant effect of Condition at the Intercept
(estimate = 0.02, p < .02). These results suggest that participants with higher expressive
vocabulary size showed increased target fixations in semantically unrelated trials relative to
related trials (see Figure 8, upper panel), while participants with lower expressive vocabulary

sizes did not.
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Figure 8. Target fixations in semantically related and unrelated trials separated by Expressive
Vocabulary Size (High and Low). For clarification, participants were grouped according to
their expressive vocabulary median split at each session (i.e., Med18-mo= 25, Med21-mo = 156,

and Med24-mo= 393)

Supplementary GCA were performed adjusting the Expressive Vocabulary Model to
subset of data according to children age in each Session (i.e., 18-, 21- and 24-months-old, see
Appendix G). At 18-months, there was a significant effect of Condition at the Cubic (estimate
=0.15, p = .01) temporal term and a significant interaction between Condition and Expressive
Vocabulary size at the Cubic (estimate = 0.20, p = .00) temporal term. Thus, overall, 18-
month-olds show a significant semantic interference effect, with increased fixations to the
target in semantically unrelated trials relative to related trials. While the interaction between
Condition and Expressive Vocabulary suggests differences in the semantic interference effects

across vocabulary groups, subsequent tests revealed no significant effects of Condition in data
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split by vocabulary size (i.e., splitting by Expressive Vocabulary size, at 18-months-old we
found no significant effects of Condition at any temporal term in children with lower or

higher expressive vocabulary size).
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Figure 9. Target fixations in semantically related and unrelated trials separated by age (18-
months, 21-months and 24-months) for children with low expressive vocabulary sizes. For
clarification, participants were grouped according to their expressive vocabulary median split

at each session (i.e., Med18-mo= 25, Med21-mo = 156, and Med24-mo= 393).

At 21-months, there was a significant effect Condition at the Cubic (estimate = -0.04,
p =.03) temporal term and a significant interaction between Condition by Expressive
Vocabulary size at the Cubic (estimate = 0.12, p < .00) temporal term. Splitting by

Vocabulary size, we found significant effects of Condition at the Linear (estimate = 0.28, p =
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.04) and Cubic (estimate = -0.14, p < .00) temporal term in children with lower expressive
Vocabulary sizes (see Figure 9), but not in children with higher expressive vocabulary sizes
(see Figure 10).

Lastly, at 24-months, there was a significant effect of Condition at the Cubic (estimate
=0.04, p = .04) temporal term and a significant interaction between Condition and Expressive
Vocabulary size at the Cubic (estimate = -0.04, p < .00) temporal term. Splitting by
Vocabulary size, we found significant effects of Condition at the Quadratic (estimate = -0.14,
p = .04) temporal term in children with higher expressive vocabulary sizes (see Figure 10),

but not in children with lower expressive vocabulary sizes (see Figure 9).
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Figure 10. Target fixations in semantically related and unrelated trials separated by age (18-

months, 21-months and 24-months) for children with high expressive vocabulary sizes. For
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clarification, participants were grouped according to their expressive vocabulary median split

at each session (i.e., Med18-mo= 25, Med21-mo = 156, and Med24-mo= 393).

To summarize, the traditional analyses revealed a main effect of Condition with
increased target fixations in semantically unrelated trials relative to related trials, i.e., an
overall semantic interference effect with no modulation of this effect by vocabulary size or
age. The GCA allowed us greater precision in the modulation of this effect across age-groups
and vocabulary groups. In particular, we found that children with high vocabulary sizes
showed a semantic interference effect, while children with lower vocabulary sizes did not.

Furthermore, while the 18-month-olds showed an overall effect of Condition (i.e., an
overall semantic interference effect), as in the traditional analyses, at 21- and 24-months, we
found different results based on the vocabulary sizes of the children tested. In particular, at
21-months, we found semantic interference effects only in children with lower vocabulary

sizes, at 24-months, we found the same only in children with higher vocabulary sizes.

3.3. Correlations between lexical links

The time course of target fixation was modelled using growth curve analysis with
three-order orthogonal polynomials. Separated models were fit for each Session and Type of
lexical link (Phonological and Semantic) with the fixed effects of Condition (Related vs.
Unrelated) and Receptive or Expressive vocabulary size (for the phonological and semantic
trials, respectively) on all temporal terms; and with Participant, and Participant by Condition
random effects on the linear and quadratic temporal terms. The participant by condition
random effect estimates were used to compute individual participant effect sizes estimates for
each participant, subtracting the random effect estimates of related minus unrelated trials. We

focused our analysis on the intercept, linear and quadratic temporal terms to evaluate the
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correlations on sensibility to the phonological and semantic lexical links between sessions and
lexical links. The results show no significant correlations between the Phonological and
Semantic links at the Intercept, Linear or Quadratic temporal terms, ps >.05. Also, there were
no significant correlations within the Phonological lexical link across sessions, ps >.05. Along
the same lines, there are no significant correlations within the Semantic lexical link across
sessions, ps >.05 (see Appendix H). These results indicate, contrary to our expectations, there
was no correlation between participants’ sensitivity to phonological priming and semantic

priming modulations across sessions or between lexical links across sessions.

4. Discussion

The current study aimed at a longitudinal assessment of phonological and semantic
priming effects in early childhood, with a particular focus on the role of children’s vocabulary
size on the development and direction of these effects. Overall, the results suggest variation in
priming effects according to children’s vocabulary size, although this effect was more
consistent across analyses with regards to phonological priming relative to semantic priming.

With regards to phonological priming, we found that children with low vocabulary
sizes, in general, showed a phonological facilitation effect (both overall and at 21- and 24-
months, but not at 18-months), while children with high vocabulary sizes showed either no
effect or an interference effect (depending on the analyses). In particular, we found that
controlling for age, vocabulary size of the children improved the model fit to the data in
interaction with condition. Eighteen-month-olds showed an overall facilitation effect that did
not interact with vocabulary size. In particular, according to both the traditional analyses and
the GCA we found that while all 18-month-olds shows an overall phonological facilitation
effect, only children with lower vocabulary show phonological facilitation effect at 21- and
24-months of age. According to the GCA, children with high vocabulary sizes showed

phonological interference effects. This replicates the pattern of effects in the literature with
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remarkable consistency, while triggering further discussion with regards to the underpinnings
of these effect reversals. In particular, Mani & Plunkett (2010, 2011) showed that 18-month-
olds had an overall facilitation effect in phonological priming tasks, while the interference
effect at 24-months was modulated by the cohort size of the individual words tested.
Extending the previous results in the literature, the current findings suggest a keen role for
vocabulary size in the direction of phonological priming effects, with larger vocabularies
leading to interference in target recognition in primed trials and smaller vocabularies leading
to facilitation in target recognition in primed trials. This explanation is also consistent with a
recent simulation of early word recognition, suggesting the absence of lexical competition at
early ages (18-months), and the development of such competition effects between 21- to 24-
months of age (Mayor & Plunkett, 2014). Here, we extend this explanation beyond the ages of
the infants tested, but rather to the vocabulary sizes of the children to show that children with
low vocabularies do not display lexical competition effects in phonological word recognition
while children with larger vocabularies, presumably triggered by their larger vocabularies, do
show such interference effects. This finding makes intuitive sense, highlighting the fact that
the rapidly expanding vocabulary between 18- to 24-months underlies the differences in the
priming effects reported to-date. Importantly, applying a longitudinal design (where we tested
the same participants at different time points) offered us a unique overview of the interaction
between children's pace of words acquisition and words recognition skills across
development. Thus rather than highlighting particular age-groups at which certain changes
take place, here we show that the development of phonological priming effects is a gradual
process across the early months with increasing changes in vocabulary size triggering changes
in the pattern of responding.

Before we discuss the modulation of the semantic priming effect by vocabulary size,
we flag here an important concern with our findings, namely the fact that in contrast to most

of the previous literature on semantic priming, we consistently find here a semantic
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interference effect. In other words, we find that children look longer at the target in
semantically unrelated trials relative to semantically related trials. This was consistent across
both the analyses reported in the paper and the robustness of this effect is clear from Figure 8.
This is in contrast to most of the literature on semantic priming effects in early development
(Arias-Trejo & Plunkett, 2009, 2013; Styles and Plunkett, 2009, 2011; Torkildsen et al., 2007;
Rimad et al., 2013). The only consistency with the literature is the finding that children in a
Head Turn Preference Task listened longer to trials presenting children with unrelated stimuli
relative to related stimuli (Willits et al., 2013), and with a recent study which found backward
semantic inhibitory effects in 18-months toddlers with higher vocabulary (Chow, Aimola
Daivies, Fuentes & Plunkett, 2018). While we see no reason why our findings should pattern
with a different paradigm relative to the one employed in the current study, we highlight some
possible reasons for this difference. First, we highlight the timing of presentation of the
stimuli. In particular, due to the fact that German nouns must be preceded by a gendered
article, the interstimulus interval between prime and target in the current study was increased
relative to previous semantic priming studies, e.g., this was 200ms in Arias-Trejo & Plunkett
(2009, 2013) relative to the 500ms in the current study. While this reasoning is speculative,
we suggest that either the introduction of the gender-inflected article and/or the increased
delay between the prime and the target may have led to the differences in the direction of the
effect reported here. More importantly, we note that we find a systematic semantic
interference using only taxonomically related pairs in this task, while previous studies suggest
that it is not until around 21-months that any taxonomic interference priming effect is found in
children (Arias-Trejo & Plunkett, 2013). Our finding of such effects earlier in development
may be due to the increased power in our analyses due to the within-subjects manipulation of
age (as part of our longitudinal design) and may tap into subtle interference effects early in
development. We note here, that the target items presented at test were fully counterbalanced

across participants, so it is unlikely that the direction of the effect is influenced by specific
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properties of the target stimulus. Indeed, the only difference between targets in related and
unrelated trials is the relationship between the prime presented prior to the target (which was
counterbalanced across sessions and participants, such that, for a given target the same label
in some cases was a related prime and in others an unrelated prime).

Notwithstanding the direction of the semantic priming effect, we found some evidence
that the strength of the effect was modulated by children’s vocabulary size. Here too, we note
that the effect of vocabulary size was not consistent across the two analyses reported (unlike
the phonological priming analyses). The traditional analyses found no interaction between
vocabulary size and the semantic priming effect, finding only a strong semantic interference
effect across all ages and children of different vocabulary sizes. However, the growth curve
analyses, controlling for age found that adding children’s expressive vocabulary size
improved model fit. This highlights one difference between the two analyses, where the
ANOVA examined receptive vocabulary size (for consistency with the phonological priming
analyses), while the GCA found that expressive vocabulary size rather than receptive
vocabulary size improved model fit. This explanation is also consistent with findings in a
recent work of word recognition in toddlers (Chow et al., 2017), suggesting that access to
phonological and semantic information in children of the same age may be modulated by
receptive and expressive vocabulary size, respectively, as was also the case in the current
study. Thus, the GCA revealed that receptive vocabulary size was a better predictor of the
strength of the phonological priming effect and expressive vocabulary size was a better
predictor of the semantic priming effect. Given the striking similarity in the influence of
receptive and expressive vocabulary size across different samples of children learning
different languages, we suggest that vocabulary size may indeed be a reliable predictor of the
processes underlying word recognition, with expressive and receptive competence
contributing distinctly to these effects.

5. Conclusions
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Taken together, our results support earlier findings that children between 18- to 24-
months-old activate phonologically and semantically related words candidates during word
recognition. Overall, this simultaneous activation of other word candidates leads to
interference in word recognition in children with larger vocabularies and facilitation in
children with smaller vocabularies but only when examining phonological priming. This
suggests that the phonological facilitation effect may have an underlying phonological bases,
with activation of the target being speeded by prior activation of the overlapping phonemes.
This phonological facilitation effect may be overridden in children with larger vocabularies
due to lexical level competition effects that come in with such larger vocabularies. When
considering the semantic links, due to the absence of phonological overlap to support the
lexical access of the target label, and despite the presence of semantic overlap, all the other
lexical entries (more or less abundant) compete for the lexical access. This speaks to an
important role for vocabulary size in early word recognition and their differential interactions

with phonological and semantic lexical links.
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Appendix A

Output of the mixed effects model including Fixed Effects of Condition and Receptive

Vocabulary Size for the Phonologically Related and Unrelated trials.

Fixed effects and interactions Estimate SE t-value  p(>|t))
Intercept 0.54 0.01 87.39 00 * * *
Linear term 0.05 0.05 0.92 .35
Quadratic term -0.09 004 -2.20 03 *
Cubic term -0.02 0.02 -1.27 .20
18-months-old vs. 24-months-old -0.00 0.00 -0.72 A7
21-months-old vs. 24-months-old 0.01 0.00 2.05 .04 *
Linear term by 18-mo vs. 24-mo -0.04 0.04 -0.93 .35
Linear term by 21-mo vs. 24-mo -0.01 0.02 -0.28 18
Quadratic term by 18-mo vs. 24-mo 0.04 0.04 1.02 31
Quadratic term by 21-mo vs. 24-mo 0.00 0.02 0.16 .87
Cubic term by 18-mo vs. 24-mo 0.04 0.03 1.54 A2
Cubic term by 21-mo vs. 24-mo -0.01 0.02 -043 .66
Condition (Unrelated vs. Related trials) -0.02 0.01 -2.80 00%*
Linear term by Condition -0.08 0.05 -1.63 10
Quadratic term by Condition 0.07 0.03 222 03*
Cubic term by Condition 0.08 0.02 4.29 L00F**
Receptive Vocabulary -0.00 0.00 -0.63 52
Linear term by Rec.Voc. 0.04 0.04 0.10 32
Quadratic term by Rec.Voc. 0.13 0.04 3.36 L0F**
Cubic term by Rec.Voc. 0.00 0.02 0.25 .80

58



VOCABULARY SIZE AND LEXICAL PRIMING IN INFANCY

18-mo vs. 24-mo by Condition 0.00 0.00 0.52 .60
21-mo vs. 24-mo by Condition 0.00 0.00 0.99 32
Linear term by 18-mo vs. 24-mo by Condition 0.01 0.04 0.33 74
Linear term by 21-mo vs. 24-mo by Condition 0.01 0.02 0.66 Sl
Quadratic term by 18-mo vs. 24-mo by Condition -0.09 0.03 -2.52 01*
Quadratic term by 21-mo vs. 24-mo by Condition -0.09 0.02 -3.97 00***
Cubic term by 18-mo vs. 24-mo by Condition -0.16 0.03 -5.99 00***
Cubic term by 21-mo vs. 24-mo by Condition -0.03 0.02 -1.27 .20
Condition by Receptive Vocabulary 0.02 0.00 3.65 00***
Linear term by Condition by Rec.Voc. -0.02 0.04 -0.38 .70
Quadratic term by Condition by Rec.Voc. -0.12 0.03 -3.67 00#**
Cubic term by Condition by Rec.Voc. -0.07 0.02 -3.30 00#**
18-mo vs. 24-mo by Rec.Voc. 0.00 0.00 0.28 18
21-mo vs. 24-mo by Rec.Voc. -0.02 0.00 -5.17 00#**
Linear term by 18-mo vs. 24-mo by Rec.Voc. -0.14 0.03 -4.88 00#**
Linear term by 21-mo vs. 24-mo by Rec.Voc. 0.02 0.03 0.70 48
Quadratic term by 18-mo vs. 24-mo by Rec.Voc. -0.02 0.03 -0.70 48
Quadratic term by 21-mo vs. 24-mo by Rec.Voc. 0.08 0.03 2.77 00%*
Cubic term by 18-mo vs. 24-mo by Rec.Voc. 0.03 0.02 1.26 21
Cubic term by 21-mo vs. 24-mo by Rec.Voc. 0.03 0.03 1.28 .20
18-mo vs. 24-mo by Condition by Rec.Voc. -0.03 0.00 -6.31 LQF*
21-mo vs. 24-mo by Condition by Rec.Voc. 0.03 0.00 6.86 LQF*

Linear term by 18-mo vs. 24-mo by Condition by

Rec.Voc. -0.06 0.03 -2.09 04*
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Linear term by 21-mo vs. 24-mo by Condition by
Rec.Voc.
Quadratic term by 18-mo vs. 24-mo by Condition by
Rec.Voc.
Quadratic term by 21-mo vs. 24-mo by Condition by
Rec.Voc.
Cubic by term 18-mo vs. 24-mo by Condition by
Rec.Voc.
Cubic by term by 21-mo vs. 24-mo by Condition by

Rec.Voc.

-0.09

0.18

-0.11

0.10

0.11

0.03

0.03

0.03

0.02

0.03

-3.42

6.60

-4.17

3.86

4.09

OO

OO

OO

OO

L0

Signif. codes: 0.001 "***' (0.01 "**' 0.05 "*'
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Appendix B

Output of the mixed effects model including Fixed Effect of Condition for children with

Lower and Higher Receptive Vocabulary Size for the Phonologically Related and Unrelated

trials.
Rec. Voc. Fixed effects and interactions Estimate  SE t-value  p(>|t])
Group
Intercept 0.53 0.01 66.84 0.00%**
Linear term 0.12 0.07 1.76 0.08
Quadratic term -0.09 0.05 -1.82 0.07
y Cubic term -0.05 0.02 -2.84 0.00%*
E Condition (Unrelated vs. Related trials)  -0.02 0.01 -2.27 0.02*
Linear term by Condition -0.06 0.07 -0.85 0.39
Quadratic term by Condition 0.03 0.04 0.68 0.50
Cubic term by Condition 0.01 0.02 046 0.65
Intercept 0.55 0.01 52.62 0.00%**
Linear term 0.12 0.08 1.49 0.14
Quadratic term -0.10 0.05 -2.02 0.04%
. Cubic term -0.05 0.02 -2.98 0.00%*
Eﬁ Condition (Unrelated vs. Related trials)  0.00 0.01 0.01 0.99
Linear term by Condition -0.03 0.08 -0.35 0.73
Quadratic term by Condition -0.04 0.05 -0.83 0.41
Cubic term by Condition -0.01 0.02 -0.51 0.61

Signif. codes: 0.001 "***' (.01 "*#*' (.05 "*'
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Appendix C

Output of the mixed effects model including Fixed Effects of Condition and Receptive

Vocabulary Size for each Session for the Phonologically Related and Unrelated trials.

Age  Fixed effects and interactions Estimate SE t-value  p(>|t))
Intercept 0.54 0.02  29.35 0.00%**
Linear term -0.02 0.15 -0.15 0.88
Quadratic term -0.15 0.11 -1.41 0.16
Cubic term 0.02 0.03 0.59 0.55
Condition (Unrelated vs. Related trials) -0.01 0.02 -0.64 0.52
Linear term by Condition 0.04 0.14 0.26 0.80
Quadratic term by Condition 0.01 0.11  0.08 0.94
!i Cubic term by Condition -0.09 0.03 -2.99 0.00%*
5
é Receptive Vocabulary 0.01 0.01 0.59 0.56
= Linear term by Rec.Voc. -0.12 0.12 -1.05 0.29
Quadratic term by Rec.Voc. -0.01 0.09 -0.12 0.90
Cubic term by Rec.Voc. 0.04 0.02 1.84 0.07
Condition by Receptive Vocabulary 0.00 0.01 -0.28 0.78
Linear term by Condition by Rec.Voc. 0.05 0.11 041 0.68
Quadratic term by Condition by Rec.Voc.  0.08 0.09 0.86 0.39
Cubic term by Condition by Rec.Voc. 0.03 0.02 140 0.16
Intercept 0.54 0.01  64.96 0.00%**
!i Linear term 0.04 0.09 0.1 0.61
5
é Quadratic term -0.07 0.05 -1.37 0.17
al Cubic term -0.03 0.02 -2.25 0.02%
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Condition (Unrelated vs. Related trials) -0.01 0.01 -1.57 0.12
Linear term by Condition -0.08 0.08 -1.01 0.31
Quadratic term by Condition -0.03 0.05 -0.57 0.57
Cubic term by Condition 0.05 0.02 346 0.00%**
Receptive Vocabulary -0.02 0.01 -1.37 0.17

!i Linear term by Rec.Voc. 0.02 0.13 0.19 0.85

5

é Quadratic term by Rec.Voc. 0.11 0.08 142 0.15

al Cubic term by Rec.Voc. 0.04 0.02 1.81 0.07
Condition by Receptive Vocabulary 0.04 0.01 3.68 0.00%**
Linear term by Condition by Rec.Voc. 0.03 0.12 0.21 0.83
Quadratic term by Condition by Rec.Voc.  -0.18 0.07 -2.63 0.01%*%*
Cubic term by Condition by Rec.Voc. 0.05 0.02 2.08 0.04*
Intercept 0.52 0.02 29.24 0.00%**
Linear term 0.13 0.13 1.01 0.31
Quadratic term -0.04 0.12 -0.33 0.74
Cubic term -0.06 0.03 -2.04 0.04*
Condition (Unrelated vs. Related trials) -0.02 002 -144 0.15

% Linear term by Condition -0.25 0.12  -2.00 0.05%*

5: Quadratic term by Condition 0.23 0.10 224 0.03*

S

g Cubic term by Condition 0.28 0.03 10.21 0.00%**
Receptive Vocabulary 0.03 0.02 1.55 0.12
Linear term by Rec.Voc. 0.12 0.13  0.95 0.34
Quadratic term by Rec.Voc. -0.05 0.12 -0.37 0.71
Cubic term by Rec.Voc. -0.06 0.03 -2.27 0.02*
Condition by Receptive Vocabulary 0.02 0.02 1.12 0.26
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e Linear term by Condition by Rec.Voc. 0.30 0.13
o}
é Quadratic term by Condition by Rec.Voc.  -0.15 0.11
o
E Cubic term by Condition by Rec.Voc. -0.28 0.03
@\

2.36

-1.38

-9.88

0.02*

0.17

0.00%**

Signif. codes: 0.001 "***'(0.01 "**' 0.05 "*'

64



VOCABULARY SIZE AND LEXICAL PRIMING IN INFANCY

Appendix D

Figure of target fixations in phonologically related and unrelated trials at 18-months-old.
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Appendix E

Output of the mixed effects model including Fixed Effects of Condition and Expressive

Vocabulary Size for the Semantic Related and Unrelated trials.

Fixed effects and interactions Estimate SE t-value  p(C>lt])
Intercept 0.52 0.01 63.93 00
Linear term 0.45 0.07 6.48 00F*
Quadratic term -0.06 0.05 -1.25 21
Cubic term -0.21 0.02 -8.06 L0 **
18-months-old vs. 24-months-old -0.02 0.01 -2.72 01
21-months-old vs. 24-months-old 0.02 0.00 3.83 0F*
Linear term by 18-mo vs. 24-mo 0.50 0.07 7.32 L0
Linear term by 21-mo vs. 24-mo -0.27 0.03 -8.27 00Fx*
Quadratic term by 18-mo vs. 24-mo 0.36 0.06 5.99 L0
Quadratic term by 21-mo vs. 24-mo -0.22 0.03 -6.90 00F*
Cubic term by 18-mo vs. 24-mo -0.18 0.05 -3.84 00F*
Cubic term by 21-mo vs. 24-mo 0.14 0.03 4.61 00F**
Condition (Unrelated vs. Related trials) 0.01 0.01 1.70 .09
Linear term by Condition -0.10 0.06 -1.72 .08
Quadratic term by Condition -0.06 0.04 -1.37 A7
Cubic term by Condition 0.03 0.02 1.21 23
Expressive Vocabulary -0.02 0.01 -2.53 01*
Linear term by Exp.Voc. 0.33 0.06 5.80 L0
Quadratic term by Exp.Voc. 0.21 0.05 4.51 00F*
Cubic term by Exp.Voc. -0.10 0.03 -3.43 L0
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18-mo vs. 24-mo by Condition 0.03 0.01 3.73 N1l ol
21-mo vs. 24-mo by Condition -0.00 0.00 -0.23 .82
Linear term by 18-mo vs. 24-mo by Condition -0.25 0.07 -3.80 K| | ol
Linear term by 21-mo vs. 24-mo by Condition 0.16 0.03 4.81 0Q*F*
Quadratic term by 18-mo vs. 24-mo by Condition  -0.11 0.06 -1.86 .06
Quadratic term by 21-mo vs. 24-mo by Condition  0.02 0.03 0.44 .66
Cubic term by 18-mo vs. 24-mo by Condition 0.06 0.05 1.21 22
Cubic term by 21-mo vs. 24-mo by Condition -0.07 0.03 -2.25 02%
Condition by Expressive Vocabulary 0.02 0.01 2.62 1%
Linear term by Condition by Exp.Voc. -0.30 0.05 -5.47 00F*
Quadratic term by Condition by Exp.Voc. -0.11 0.04 -2.42 O1%
Cubic term by Condition by Exp.Voc. 0.07 0.03 2.24 02%
18-mo vs. 24-mo by Exp.Voc. -0.05 0.01 -5.16 L0QF**
21-mo vs. 24-mo by Exp.Voc. 0.02 0.00 3.42 L0QF**
Linear term by 18-mo vs. 24-mo by Exp.Voc. 0.69 0.07 10.18 00F*
Linear term by 21-mo vs. 24-mo by Exp.Voc. -0.28 0.04 -7.23 00F*
Quadratic term by 18-mo vs. 24-mo by Exp.Voc.  0.52 0.06 8.35 L0QF**
Quadratic term by 21-mo vs. 24-mo by Exp.Voc.  -0.25 0.04 -6.69 L0QF**
Cubic term by 18-mo vs. 24-mo by Exp.Voc. -0.18 0.05 -3.27 00%*
Cubic term by 21-mo vs. 24-mo by Exp.Voc. 0.02 0.03 0.62 53
18-mo vs. 24-mo by Condition by Exp.Voc. 0.01 0.01 0.92 .36
21-mo vs. 24-mo by Condition by Exp.Voc. -0.01 0.00 -2.85 00%*

Linear term by 18-mo vs. 24-mo by Condition by

Exp.Voc. -0.23 0.07 -3.43 N1 | ol
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Linear term by 21-mo vs. 24-mo by Condition by

Exp.Voc. -0.05 0.04 -1.30 19
Quadratic term by 18-mo vs. 24-mo by Condition

by Exp.Voc. -0.07 0.06 -1.11 26
Quadratic term by 21-mo vs. 24-mo by Condition

by Exp.Voc. 0.07 0.04 1.99 05%
Cubic by term 18-mo vs. 24-mo by Condition by

Exp.Voc. 0.05 0.05 1.02 .30
Cubic by term by 21-mo vs. 24-mo by Condition

by Exp.Voc. 0.05 0.03 1.57 A2

Signif. codes: 0.001 "***' (0.01 "**' 0.05 "*'
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Appendix F

Output of the mixed effects model including Fixed Effect of Condition for children with

Lower and Higher Expressive Vocabulary Size for the Semantic Related and Unrelated trials.

Exp. Voc. Fixed effects and interactions Estimate  SE t-value  p(>|t])
Group
Intercept 0.56 0.01 46.55 0.00%**
Linear term 0.21 0.09 235 0.02%*
Quadratic term -0.27 0.05 -5.38 0.007%**
y Cubic term -0.11 0.02 -5.351 0.00%**
E Condition (Unrelated vs. Related trials)  0.01 0.01 1.01 0.31
Linear term by Condition 0.13 0.08 1.66 0.10
Quadratic term by Condition -0.01 0.05 -0.24 0.81
Cubic term by Condition -0.03 0.02 -1.58 0.11
Intercept 0.54 0.01 53.34 0.00%**
Linear term 0.13 0.08 1.70 0.09
Quadratic term -0.30 0.07 -4.40 0.00%**
. Cubic term -0.13 0.02 -6.40 0.00%**
Eﬁ Condition (Unrelated vs. Related trials)  0.02 001 242 0.02*
Linear term by Condition -0.03 0.08 -0.38 0.70
Quadratic term by Condition -0.10 0.06 -1.65 0.10
Cubic term by Condition 0.00 0.02 -0.10 0.92

Signif. codes: 0.001 "***' (.01 "*#*' (.05 "*'
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Appendix G

Output of the mixed effects model including Fixed Effects of Condition and Expressive

Vocabulary Size for each Session for the Semantic Related and Unrelated trials.

Age  Fixed effects and interactions Estimate SE t-value  p(>|t))
Intercept 0.48 0.04 13.25 0.00%**
Linear term 0.37 0.35 1.06 0.29
Quadratic term 0.27 020 1.33 0.18
Cubic term -0.49 0.06 -8.52 0.00%**
Condition (Unrelated vs. Related trials) 0.04 0.04 1.15 0.25
Linear term by Condition 0.18 032  0.55 0.58
Quadratic term by Condition 0.09 0.20 0.47 0.64
!i Cubic term by Condition 0.15 0.06 2.64 0.01%*
5
é Expressive Vocabulary -0.08 0.04 -1.89 0.06
= Linear term by Exp.Voc. 0.37 0.42 0.89 0.37
Quadratic term by Exp.Voc. 0.70 0.24 293 0.00%**
Cubic term by Exp.Voc. -0.39 0.07 -5.79 0.00%**
Condition by Expressive Vocabulary 0.01 0.04 0.28 0.78
Linear term by Condition by Exp.Voc. 0.09 0.38 0.23 0.82
Quadratic term by Condition by Exp.Voc.  0.13 0.24 0.54 0.59
Cubic term by Condition by Exp.Voc. 0.20 0.07  2.89 0.00%*
Intercept 0.54 0.01 47.42 0.00%**
!i Linear term 0.18 0.09 193 0.05
5
é Quadratic term -0.28 0.06 -4.46 0.007%%*
al Cubic term -0.07 0.02 -4.12 0.00%**
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Condition (Unrelated vs. Related trials) 0.01 001 1.04 0.30
Linear term by Condition 0.06 0.09 0.67 0.50
Quadratic term by Condition -0.03 0.06 -0.48 0.63
Cubic term by Condition -0.04 0.02 -2.19 0.03*
Expressive Vocabulary -0.01 0.02 -0.55 0.58

!i Linear term by Exp.Voc. -0.02 0.12  -0.13 0.89

5

é Quadratic term by Exp.Voc. -0.01 0.08 -0.13 0.90

al Cubic term by Exp.Voc. -0.08 0.02 -3.57 0.00%**
Condition by Expressive Vocabulary -0.01 0.02 -0.87 0.38
Linear term by Condition by Exp.Voc. -0.23 0.12 -1.87 0.06
Quadratic term by Condition by Exp.Voc.  0.03 0.08 0.35 0.72
Cubic term by Condition by Exp.Voc. 0.12 0.02 542 0.00%**
Intercept 0.53 0.01  36.61 0.00%**
Linear term 0.23 0.11  2.06 0.04*
Quadratic term -0.21 0.08 -2.81 0.01%**
Cubic term -0.17 0.02 -8.28 0.00%**
Condition (Unrelated vs. Related trials) -0.01 0.01 -0.77 0.44

% Linear term by Condition -0.08 0.11 -0.74 0.46

5: Quadratic term by Condition -0.01 0.07 -0.19 0.85

S

g Cubic term by Condition 0.04 0.02  2.08 0.04*
Expressive Vocabulary 0.01 0.01 0.55 0.58
Linear term by Exp.Voc. -0.10 0.09 -1.12 0.26
Quadratic term by Exp.Voc. -0.04 0.06 -0.69 0.49
Cubic term by Exp.Voc. 0.05 0.02 3.50 0.00%**
Condition by Expressive Vocabulary 0.02 0.01 1.58 0.11
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e Linear term by Condition by Exp.Voc. 0.06 0.08
o}
é Quadratic term by Condition by Exp.Voc.  -0.06 0.05
o
g Cubic term by Condition by Exp.Voc. -0.04 0.02

0.77

-1.09

-2.85

0.44

0.27

0.00%*

Signif. codes: 0.001 "***'(0.01 "**' 0.05 "*'
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Appendix H
Correlations between the Phonological and Semantic link at the intercept, linear and

quadratic temporal terms.

Temporal term  r p

Intercept 0.11 .52
Linear 0.09 .60
Quadratic 0.07 .67

Correlations between the Phonological and Semantic link at the intercept, linear and

quadratic temporal terms at 18-, 21- and 24-months.

Temporal term  Age in months r p
Intercept 18- 0.19 25
21- 0.28 .09
24- 0.15 .36
Linear 18- -0.07 .84
21- -0.08 .62
24- -0.03 .84
Quadratic 18- -0.28 .09
21- 0.09 58

24- 0.28 .08
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Correlations within the Phonological and Semantic links across sessions.

Lexical link Temporal term Age in months r p
Intercept 18 and 21 0.10 .55
21 and 24 -0.24 .15
18 and 24 0.07 .69
- Linear 18 and 21 0.30 .07
2
%‘J 21 and 24 017 .32
g 18 and 24 -0.12 48
Quadratic 18 and 21 -0.30 .07
21 and 24 -0.32 .05
18 and 24 0.05 5
Intercept 18 and 21 -0.02 .90
21 and 24 -0.15 .36
18 and 24 -0.15 .37
Linear 18 and 21 -0.13 42
§ 21 and 24 023 .17
Z 18 and 24 0.11 .50
Quadratic 18 and 21 -0.07 .67
21 and 24 -0.18 .29

18 and 24 -0.09 .57




