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Abstract

Toddlerhood is marked by advances in several lexico-semantic skills, including improvements 

in the size and structure of the lexicon and increased efficiency in lexical processing. This 

project seeks to delineate how early changes in vocabulary size and vocabulary structure 

support lexical processing (Experiment 1), and how these three skills together (vocabulary 

size, structure and lexical processing) relate to later language outcomes at age 3 (Experiment 

2). Experiment 1 explored how the size and semantic structure of toddlers’ vocabulary from 

18 to 24 months (N=61) predicted performance on two lexical processing tasks (semantically 

related and semantically unrelated trials). Denser semantic connectivity (i.e., global level 

connectivity between near and far neighbors) positively associated with semantic interference 

during semantically-related lexical processing, while denser category structure (i.e., lower-level 

connectivity between near neighbors) facilitated lexical processing in semantically unrelated trials. 

In Experiment 2, a subset of the same children (N=49) returned at age 36 months and completed 

a comprehensive assessment of their language skills using the CELF-P2. Here, earlier measures 

of lexico-semantic connectivity and lexical processing best predicted age 3 language skill. The 

findings support accounts that early vocabulary structure and lexical processing skills promote 

continued growth in language.
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In the second half of the second year of life, children make substantial gains in their 

language abilities, including the ability to understand words in real-time (i.e. lexical 

processing), produce new words, and recognize semantic linkages between words. Notably, 

from 12 to 24 months, children typically progress from saying a handful of words to 

hundreds (Fenson, Dale, Reznick, Bates, & Thal, 1994). Vocabulary acquisition continues 

to accelerate such that most children start to produce many new words as they enter in the 

latter half of their second year (between 18 to 24 months of age; Goldfield & Reznick, 
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1990). Across the same developmental window, toddlers increase their fluency in real-time 

word comprehension – a skill referred to here as “lexical processing” (Fernald et al., 1998). 

Together, these early vocabulary and lexical processing abilities forecast continued language 

growth, such that children who produce more words and interpret speech accurately and 

efficiently also have better language skills at preschool age and beyond (see Appendix A for 

a simplified schematic of relations among vocabulary size lexical processing and language 

outcomes; Friend et al., 2019; Marchman & Fernald, 2008; Peter et al., 2019; Smolak et al., 

2021).

Further, as the size of the child’s expressive lexicon changes, so does the semantic structure 
that characterizes it. By age two, children typically learn numerous word meanings that 

share semantic connections such that toddler’s lexicons can be described as a dense 

network of word meanings (Hills et al., 2009; Peters & Borovsky, 2019). Relatively little 

is understood regarding how developmental changes in the structure of lexico-semantic 

networks are tied to changes in vocabulary, lexical processing, and later language outcomes. 

Illuminating these relations is critical to support a full account of how children rapidly 

acquire language and how early lexico-semantic skills support continued language growth.

The current project advances our understanding of these developmental dynamics in 

language acquisition through two experiments. Experiment 1 measures how lexical 

processing skills are influenced by vocabulary size and lexico-semantic structure at 18 and 

24 months. Experiment 2 then assesses how these skills connect to broader developmental 

profiles by modeling whether lexical processing, vocabulary size and structure between 18 

to 24 months forecasts language outcomes at age three (Experiment 2). The next sections 

first motivate Experiment 1 by illustrating how and why vocabulary structure and size 

relates to lexical processing skills. Then, the following section motivates Experiment 2 

by exploring how these skills together (vocabulary size, structure and lexical processing) 

support longer-term outcomes in language skills.

Drivers of lexical processing

Lexical processing (i.e. real-time word recognition) involves a number of cognitive 

processes, including the ability to activate word meanings and select appropriate referents. 

Lexical processing improves across development, suggesting that children become more 

efficient at retrieving and identifying word meanings as they mature (Bergelson & Swingley, 

2012; Fernald et al., 1998). In toddlers, lexical processing abilities are typically assessed 

in tasks measuring speed and or accuracy of a tactile response or gaze towards a labeled 

item in an array of objects (Fernald et al., 2008; Friend & Keplinger, 2003; Golinkoff et al., 

1987). Numerous adaptions of these tasks have identified additional factors that influence 

speed and accuracy of lexical processing, such as the child’s own vocabulary knowledge 

and the semantic relatedness of the distractor image(s) (Bergelson & Aslin, 2017; Borovsky 

et al., 2016a; Fernald et al., 2006). Below, three relevant factors that influence lexical 

processing are reviewed: (1) Semantic interference and facilitation, (2) Vocabulary size, and 

(3) Vocabulary structure. See also Appendix A for a schematic overview of the reviewed 

relations.
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Semantic interference and facilitation

Lexical processing can be alternatively slowed or enhanced relative to other conditions. 

For example, lexical processing can be momentarily slowed by the presence of an 

unnamed distractor image that overlaps in taxonomic relation to a named target image 

(i.e., semantically related trials; Han & Li, 2020; Huettig & Altmann, 2005; Yee & Sedivy, 

2006). This phenomenon, termed “semantic interference,” emerges in infancy (Bergelson 

& Aslin, 2017), and is thought to reflect the individual’s lexico-semantic vocabulary 

structure co-activates both the intended target meaning and related semantic neighbors, 

thereby creating “interference” that necessitates extra time to resolve and identify the 

appropriate target. Simply put, semantic interference emerges as a pattern of slower/less 

accurate performance in lexical processing tasks, and reflects simultaneous activation or 

competition from closely-related semantic neighbors in the comprehender’s vocabulary and 

from visually-present semantically-related objects. Conversely, semantic facilitation occurs 

in conditions that support more robust/efficient activation and retrieval of word meanings 

from the child’s semantic memory. Semantic facilitation appears in versions of lexical 

processing tasks where a semantic competitor is not in view (i.e., semantically unrelated 

trials), and where the child’s own vocabulary contains a relatively larger/denser semantic 

neighborhood surrounding a particular word meaning (described in Vocabulary structure 

section below).

Vocabulary size

Children’s lexical processing ability is also associated with vocabulary size. For example, 

lexical processing studies in toddlers and preschoolers repeatedly find that children who 

more accurately touch or view a named picture also have larger vocabularies (Fernald et 

al., 2006; Friend et al., 2019; Lany et al., 2018; Law & Edwards, 2015; Legacy et al., 

2016, 2018; Mahr & Edwards, 2018; Marchman et al., 2016, 2010; Peter et al., 2019; 

Poulin-Dubois et al., 2013). Lexical processing skills also correlate with future vocabulary 

outcomes and suggest that that efficient processing and building a sizeable vocabulary are 

likely to support each other. Having a large vocabulary, for example, facilitates retrieval 

and recognition of known word meanings (thereby enhancing lexical processing skills). In 

turn, lexical processing efficiency frees up cognitive resources to support learning unknown 

words, thereby supporting vocabulary growth (Donnelly & Kidd, 2020; Friend et al., 2018, 

2019; Lany, 2018; Marchman & Fernald, 2008; Peter et al., 2019).

Vocabulary structure

Further, lexical processing skills vary not only with the size of the child’s expressive 

vocabulary, but also its structure. Semantic priming studies are one way in which researchers 

have assessed how lexical processing varies with semantic structure. These types of studies 

support inferences about whether and to what degree semantic structure is represented in 

the early lexicon, by assessing how semantically related words impact lexical processing. 

For instance, the child’s processing of a spoken word can be slowed when viewing 

another semantically related object (Bergelson & Swingley, 2013), or enhanced when the 

spoken word is preceded by a related spoken word (e.g., Arias-Trejo & Plunket, 2013). 
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These semantic priming findings indicate that children represent their vocabulary among 

semantically related dimensions and that this structure, in turn, impacts early processing.

Importantly, the impact of these early structural representations on processing changes 

across 18 to 24 months. For example, in semantic priming studies, children between 18- 

to 21-months show variable performance, while 24-month-olds exhibit robust semantic 

priming (Arias-Trejo & Plunkett, 2013; Luche et al., 2014; Rämä et al., 2013; Torkildsen 

et al., 2006, 2007; Willits et al., 2013). Part of this early variability in semantic priming is 

additionally explained by vocabulary size, such that 18- to 20-month olds with relatively 

larger productive vocabularies exhibit more robust semantic priming effects compared to 

those with smaller vocabularies.

More direct evidence that semantic structure impacts early lexical processing comes from 

findings that the density of a semantic category surrounding a word facilitates lexical 

processing in 18- and 24-month-olds (Borovsky et al., 2016a; Borovsky & Peters, 2019). 

This semantic facilitation “boost” in lexical processing may be due to a variety factors, 

including more efficient and robust activation of target word meanings, coupled with 

appropriate inhibition of non-target meanings as the neighborhoods surrounding a word 

increase in density. For example, Chow and colleagues (2019) posit that the rapid increase in 

vocabulary around the time of the vocabulary spurt may be driven by (or result in) the need 

to develop inhibitory lexical activation mechanisms that prevent massive over-activation and 

interference in denser lexical neighborhoods that accompany vocabulary growth.

Thus, while there are promising clues that the structure of the child’s vocabulary can 

influence lexical processing, there are many ways vocabulary structure could potentially 

impact processing. The next section introduces how vocabulary structure can be assessed 

at different levels of granularity, and this review motivates the need to assess vocabulary 

structure at various levels in the current project.

Levels of vocabulary structure.—Semantic structure in the lexicon exists at several 

levels (Steyvers & Tenenbaum, 2005), including at the word-level (i.e. words vary in the 

number of semantically-related neighbors), category-level (some categories have many 

known members, others are relatively sparse), and lexicon-level (some children have 

lexicons that are highly interconnected, other child lexicons may have fewer connections, 

in general, among words). These levels of semantic structure affect adult patterns of lexical 

processing. At the word level, directly connected semantic neighbors prime each other 

(i.e., car facilitates RTs to truck in priming tasks). Higher levels of semantic structure can 

affect processing across more distantly-connected lexico-semantic neighbors, as seen in 

indirect priming studies, where words like cat prime cheese via a shared neighbor, mouse 
(Hutchison, 2003; Neely, 1977). Lexical processing tasks involving lexical decision and 

categorization also exhibit semantic interference effects (with slower RTs) in response to 

words with many near neighbors, while semantic facilitation effects (faster RTs) emerge for 

words with more distantly related neighbors (Mirman & Magnuson, 2008).

Experiment 1 examines how semantic structure across these levels of granularity (word-

level, category-level and lexicon-level) affect patterns of lexical facilitation and interference 
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in 18-month-old and 24-month-old toddlers. The measurement approach and implications 

for psycholinguistic processing at each level of semantic granularity (category, word, and 

lexicon) are described below.

Category level structure.—Structure at the category level reflects density in 

taxonomically-related semantic neighbors, and may signal the child’s interests (Ackermann 

et al., 2020). For example, some toddlers may have relatively dense category-level structure 

for ANIMALS, but not for VEHICLES, and vice versa. In the current project, category-level 

vocabulary structure is calculated as a relative measure of category density in six early-

acquired taxonomic categories with items on the MBCDI, following procedures outlined 

in several other studies (Borovsky et al., 2016b, 2016a; Borovsky & Peters, 2019). First, 

the proportion of words in each category is rank-ordered from highest to lowest, and the 

top three categories are assigned to a “high” density condition, while the bottom three are 

assigned to a “low” density condition. Note that this is a relative (and not an absolute) 

measure of category density. The rationale for this relative measure is so that density can 

be scaled according to the child’s own vocabulary size, as children with larger productive 

vocabularies (both within and across age) are likely to have overall higher absolute density 

measurements. Therefore, even children who produce relatively few words can contribute 

equally to higher and lower density measures, while controlling for vocabulary size. This 

category-level measure represents structure at a “medium” grain size, reflecting a taxonomic 

super-ordinate level of organization of near- and medium-distance neighbors and between 

lower-level word and higher-level lexicon structure measures, described below.

Graph-theoretic measures of word-level and lexicon-level structure.—In 

addition to category-level semantic structure, the current project also assesses word-level 

and lexicon-level structure. Both of these levels of semantic granularity are calculated 

using graph-theoretic approaches. Word-level structure reflects the number of semantic 

neighbors for any particular word, while lexicon-level structure captures the semantic 

connectivity across the child’s entire lexico-semantic network. In this study, semantic 

relations between words are formalized as words that share semantic feature overlap. The 

following sections first motivate this semantic feature overlap approach, before returning to 

a detailed description of the word-level and lexicon-level metrics.

Identifying semantic neighbors by semantic features.: A number of studies have sought 

to model early vocabulary networks to describe early patterns in lexical acquisition 

in relation to productive vocabulary size. These studies have varied in their approach 

to establishing semantic connections among words, variously using: free association 

norms (Fourtassi et al., 2020; Hills et al., 2009); child-directed speech corpora derived 

co-occurrence statistics (Beckage et al., 2011); semantic features (Hills et al., 2009; 

Hills et al., 2009; Peters & Borovsky, 2019; Siew, 2019; Yurovsky et al., 2012); or a 

combination of all of these (Stella et al., 2017). All of these approaches yield appropriate 

measures of semantic structure in early lexicon, and studies that have sought to compare 

multiple semantic modeling methods in psycholinguistic studies have found a number of 

redundancies in among feature norm and distributional approaches (Riordan & Jones, 2011). 

Stella and colleagues (2017) modeled semantic structure in relation to lexical acquisition 
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using both feature norm and association rating data, and found that both approaches 

significantly predicted acquisition in children under the age of two (i.e., the age range 

in which vocabulary networks are modeled in this study). Moreover, semantic-feature 

based approaches have a long-standing tradition within the psycholinguistic literature to 

model and understand cognitive phenomena associated with activation and representation of 

word meanings, dating back at least half a century (e.g. Collins & Loftus, 1975; Collins 

& Quillian, 1969). Semantic feature approaches have persisted due to their extensively 

replicated ability to explain behavioral and neural indices of performance in a range of 

psycholinguistic tasks (Chang et al., 2011; Grondin et al., 2009; McRae et al., 1997; Pexman 

et al., 2008; Rabovsky et al., 2021; Taylor et al., 2012). Compared to the adult literature, 

relatively less developmental work has focused on how lexical processing is impacted by 

featural overlap among word meanings, though there is some evidence that early lexical 

processing can be affected by perceptual (feature) overlap among word meanings (Arias-

Trejo & Plunkett, 2010; Mani et al., 2013; Peters et al., 2021). For example, Arias-Trejo 

& Plunkett (2010) find toddlers’ lexical processing is most impacted when a target object 

appears with a distractor that shares perceptual and taxonomic features in common, and 

not either one alone. Taken together, while there are reasons to suspect that featural 

representations support lexical processing even at earliest stages of language learning, there 

is a need to understand precisely when and how semantic-feature based models of early 

vocabulary structure explain patterns in lexical processing across development.

Therefore, the current study seeks to measure how processing is impacted by semantic 

structure in the child’s own lexicon, by describing semantic connections as a function of 

semantic feature overlap using semantic feature norms (e.g., McRae et al., 2005) for all 

noun concepts in the MBCDI. In this feature approach, features are first selected based on 

normed rating of toddler accessibility, which range on a scale from 1 to 7, with 7 ranking as 

most highly accessible. Only features with a value of 4 or greater are then used to construct 

a lexico-semantic network for each participant using the individual nouns that the child is 

reported to produce (i.e. network “nodes”). Connections between words (i.e. network “links” 

or “edges”) are created between all word pairs that share semantic feature overlap. These 

individual lexico-semantic networks are then used to describe word-level and lexicon-level 

measures of degree (DEG) and global clustering coefficient (GCC), respectively.

Word-level structure as degree.: To address the question of how the number of direct 

semantic neighbors for an individual word impacts its processing, the degree for each 

target word in the study was calculated as the number of words in the child’s productive 

lexicon that share semantic overlap with the target word. Higher degree values indicate 

that a word has many semantic neighbors. From a graph-theoretic perspective, the degree 

of any individual node (i.e., word) is taken as an indicator of the potential for that node 

to communicate with many other nodes in the network. When this idea is translated 

to lexico-semantic networks, “communication” indicates the potential for a word to be 

influenced via spreading activation from a number of direct word neighbors. Word-level 

degree therefore represents the potential for interference or facilitation of lexical processing 

by near-neighbors that share direct semantic connections.
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Lexicon-level structure as GCC.: To address the question of how the semantic connectivity 

of the child’s overall lexicon impacts processing, lexicon-level structure was measured as 

global clustering coefficient, which represents the mean interconnectivity of words and their 

neighbors. GCC represents the probability that any randomly selected word pair out of the 

child’s total vocabulary will be connected and therefore reflects the potential of both near 

and far neighbors to facilitate or interfere with lexical processing. A lexicon with a relatively 

higher GCC has more words and word-neighbors that are connected, and this structure is 

argued to support efficient word retrieval and recognition in adults and children (Griffiths et 

al., 2007; Steyvers & Tenenbaum, 2005)

(How) does lexical processing, vocabulary size and structure predict later 
language skills?—Building a sizeable and well-structured vocabulary is likely to support 

lexical processing skills, but how do these three lexico-semantic constructs (vocabulary 

size, structure and lexical processing) relate to longer term developmental profiles? One 

possibility is that building a large and well-structured vocabulary may influence lexical-

processing abilities during this period of development but that these skills (processing, 

vocabulary size, and structure) fail to foster future language growth. Indeed, many aspects 

of the language input change as children age (Bornstein et al., 1999; Kavanaugh, 1982; 

Sokolov, 1993), which could necessitate a shift in skills that predict and promote later 

language growth. Alternatively, early lexico-semantic skills may promote later (and more 

complex) language abilities. This possibility is supported by evidence that the emergence of 

morpho-syntactic skills is rooted in building a sizeable lexicon (Bates & Goodman, 1997; 

Caselli et al., 1999; Marchman & Bates, 1994) and that individual differences in lexical 

processing skills relate to future language outcomes at preschool and school-age (Fernald 

& Marchman, 2012; Marchman & Fernald, 2008). This possibility is also supported by 

observations that parents adapt their speech complexity in response to growth in the child’s 

skills, suggesting a direct connection between early language skills and later ones (e.g. Hani 

et al., 2013; Leung et al., 2021). To help clarify whether and how these skills measured 

at 18 and 24 months support longer-range language growth, Experiment 2 explores how 

lexical processing, vocabulary structure and size at 18 to 24 months predict longer-term 

preschool-age language ability at 36 months.

The current studies and potential outcomes—This project seeks to advance 

our understanding of the co-development of lexico-semantic processes and language 

development more broadly in several respects. Experiment 1 explores how the size and 

structure of the child’s lexicon at 18 and 24 months supports their lexical processing skills. 

Then, Experiment 2 addresses whether and how these three measures (lexical processing, 

vocabulary size and vocabulary structure) predict later language outcomes at age three. To 

achieve these goals, a longitudinal sample of toddlers completed a set of tasks that assessed 

their early vocabulary size, structure, and lexical processing skills at 18 and 24 months (see 

Fig. 1: Experiment 1). Then, to relate these skills to language outcomes in later toddlerhood, 

participants returned at 36 months to complete a comprehensive assessment of language 

skills using the Level 1 subtests from Clinical Evaluation of Language Fundamentals – 

Preschool 2 (Semel et al., 2004; see Fig. 1: Experiment 2). The analyses are reported 

in two parts. First, Experiment 1 measures how performance on two lexical processing 
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tasks (word recognition in semantically unrelated and semantically related contexts) is 

predicted by measures of vocabulary size and structure at 18 and 24 months. These analyses 

yield insights into how two mechanisms of lexico-semantic activation – facilitation and 

interference – are tied to developmental changes in the size and structure of toddlers’ 

lexicons. If changes in vocabulary size (but not structure) explain unique variance in 

lexical processing tasks that tap into facilitation and interference, it would suggest that the 

mechanisms that support lexical retrieval and activation of word meanings mature in tandem 

with the child’s skill in word learning/vocabulary building. Alternatively, it is possible that 

these analyses will reveal that vocabulary structure (but not size) influences performance on 

the lexical processing tasks. This outcome would suggest that the child’s ability not simply 

to learn words, but to recognize and activate connections among those word meanings 

support lexical processing. With the outcomes of these analyses in hand, Experiment 2 then 

measures how earlier performance on all three constructs (lexical processing, vocabulary 

size and structure) connect to later language outcomes at age 3. Although it is expected 

that lexical processing skills and vocabulary size are likely to relate to later outcomes, it is 

unknown if vocabulary structure will explain additional unique variance in outcomes. If such 

a relation does appear, then it would suggest that building not simply a sizeable vocabulary 

but also a well-connected vocabulary mediates long-term growth in language skills.

Experiment 1

Methods

Participants—The project initially enrolled 18- to 20-month-old toddlers living near 

a small city to study developmental changes in vocabulary size, structure, and lexical 

processing and language outcomes at age 3. Enrolled families were invited to take part in 

the simple lexical processing tasks reported here at 18 and 24 months, and an outcome 

measure of language skills at 36 months. The results of the children in the lexical processing 

task at 18-months were previously reported in Borovsky and Peters (2019). 101 families 

with 18-month-olds completed the MBCDI and participated in the eye-tracking task, and 78 

of these children were retained in the final analyses (23 were excluded for the following 

reasons: falling >1.5 SD below the mean on the cognitive subtest of the Bayley Scales of 

Infant Toddler Development (N=1); failure to meet language criteria (N=3); parent suspected 

an uncorrected hearing or vision concern (N=4); or child was receiving services for a motor, 

speech or language concern (N=5)). An additional 10 18-month-olds were also excluded 

due to fussiness or excessive data loss, defined as resulting in fewer than two trials in each 

experimental condition. Of these 78 children, 67 also returned at 24 months and completed 

the same lexical processing task, and their caregivers completed another MBCDI at that 

time. Of these 67 returning 24-month-olds, six were excluded from analysis due to fussiness 

or data loss (i.e., contributed fewer than two trials per condition for analysis), leaving a 

sample of 61 children who completed the experimental tasks at both 18 and 24 months. We 

initially report analyses on this dataset with respect to changes in processing and vocabulary 

size and structure in Experiment 1. In Experiment 2, we carry out further analyses on the 

subset of children (N=49) who returned to the lab again and completed a CELF outcome 

measure at 36 months. Demographics of the sample in Experiment 1 and Experiment 2 are 

reported in Table 1. A priori power analyses were carried out to determine the necessary 
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sample size to measure a medium sized effect and interaction in the planned models for 

Experiments 1 and 2. These analyses indicated a need for minimum sample size of 55 to 

detect a medium size multiple regression effect (f2=0.15), with alpha threshold at .05, and 

80% power. While this sample threshold was achieved for Experiment 1 (N=61), sample 

attrition caused it to fall below this number in Experiment 2 (N=49). Therefore, a post-hoc 

sensitivity analyses was carried out to determine the achieved power for this Experiment 2. 

This analysis indicated that a sample size of 49 yields 80% power to detect a medium size 

multiple regression effect (f2=0.168). Parents or guardians of children in the study provided 

written informed consent for participation and the Florida State University IRB approved the 

study “Development of Language Processing Skills” (#2017.21274).

Materials

Category and item selection: The materials for this task were identical to that reported 

in Borovsky and Peters (2019). As in that prior study, items were selected from six 

early-acquired semantic categories that contain a number of items that 18- to 24-month-

olds commonly say, according to the Cross-Linguistic Lexical Norms Database (CLEX; 

Jørgensen, Dale, Bleses, & Fenson, 2010). The six category domain were: ANIMALS, 

CLOTHING, VEHICLES, BODY-PARTS, along with two food sub-categories: FRUIT and 

DRINKS. The MBCDI checklist includes the following number of items each of these 

subcategories respectively: 43, 28, 14, 27, 7, and 7. The experimental items included two 

items from each category, and were verified in CLEX to be produced by at least 70% of 

18-month-olds. In unrelated trials, each object was paired with an item from an alternating 

category. In related trials, each object was paired with the other item in the same category. 

All participants saw trials with each object in related and unrelated pairings during the study. 

All items and item pairings are listed in Appendix B.

Auditory Stimuli: Spoken labels for the experimental task were recorded from a female 

speaker of Standard American English speaking in a child-directed voice, using a mono 

channel at 44.1 kHz. To ensure that all items were spoken at relatively similar rates and 

intensity, lexical items were normalized to the mean length of 1020 ms and to a mean 

intensity (70 dB). Experimental trials also began with a recording of the same speaker 

saying “Look!” which was modified to the same intensity (70 dB). The same speaker also 

provided recordings of other phrases that were used to support toddler’s interest during the 

study. These included tag phrases which were spoken after each experimental item, that 

included phrases like, “That’s cool!” “Great job!” as well as other encouraging phrases 

that appeared in between experimental trials like, “These pictures are fun!” “You’re doing 

great!” These encouraging phrases were all modified to the same mean intensity as the 

experimental items (70 dB).

Visual stimuli: Objects in the study were presented as 400 × 400 pixel photos on a 17” 

monitor with screen resolution of 1280 × 1024 pixels. Most images appeared on white 

backgrounds, except for several images that were not easily recognizable in isolation, such 

as an image of a “nose.” Images were selected to be representative of toddler’s visual 

experience, which we verified by consulting with parents and other laboratory members. 

For example, the image of a SHOE was selected to be a colorful toddler’s sneaker. See 
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Figure 2 for an illustration of visual stimuli in related and unrelated trials. During the study, 

toddlers also viewed other images to encourage ongoing attention to the task. These images 

included larger and smaller images of various cartoon characters that were accompanied by 

encouraging verbal stimuli.

Procedure

Offline assessments

Knowledge of experimental items.: The goal of the study was to explore how children 

understand words that are already familiar to them. Therefore, at each age, child knowledge 

of each experimental item was verified via parental report. Parents provided ratings of 

their child’s knowledge of each experimental item on a scale of 1 (Definitely does not 

understand) to 4 (Definitely understands). Any items where the parent marked less than a 

‘2’ for the labeled target item were removed from analysis at that age. This criterion led to 

a removal of 90 trials at 18 months (4.7% of the dataset), and 6 experimental trials at 24 

months (<0.13% of the dataset).

Cognitive assessment (18 months only).: This study sought to explore developmental 

changes and outcomes in children who show otherwise typical cognitive development. 

Therefore, at 18 months, all children completed the Cognitive subtest of the Bayley Scales 

of Infant and Toddler Development (Bayley-III; Bayley, 2005). Any child with a standard 

score <85 (1.5 SD below the mean SS) was excluded. One child was excluded for failing to 

reach this criterion. The standard scores for the remaining 61 children who completed the 

task at 18 and 24 months, ranged from 85–145 (M=113.1, SD=14.3)

Vocabulary assessment.—A central goal of the study was to explore how vocabulary 

size and structure influences lexical processing in related and unrelated contexts. Therefore, 

to support the calculation of these measures, parents completed a MacArthur-Bates 

Communicative Developmental Inventory, Words and Sentences (MBCDI; Fenson et al., 

2007) form when their child was 18 and 24 months. This inventory is norm-referenced 

and standardized for children between 16 to 30 months of age and yields a vocabulary 

percentile score at each month of age within this range. Between 18 to 24 months of 

age, this instrument captures a relatively comprehensive snapshot of the child’s expressive 

vocabulary (Mayor & Plunkett, 2011).

Percentile scores ranged from 1st-94th percentile (10–374 words produced) at 18 months 

(M%tile = 44.3, SD%tile = 23.8, Mwords= 90.4, SDwords=77.45), and 6th-99th percentile 

(61–662 words produced) at 24 months (M%tile = 52.4, SD%tile = 24.5, Mwords=302.5, 

SDwords=150). Figure 3a and 3d illustrate vocabulary percentile distribution (3a) and 

changes across age (3d). As in an earlier analysis of the 18-month-olds in this dataset, 

children were grouped into higher and lower vocabulary groups at each age based on a 

median split of productive vocabulary.

Experimental procedure: After an initial warm-up period in an adjacent room, the child 

was encouraged to sit in a car seat in front of a monitor on a moveable arm. The monitor 

was placed in front of a curtain, and an eye-tracking camera was affixed directly below the 
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monitor. The caregiver and experimenter each sat on either side of the child as they watched 

the experimental images together. The caregiver was instructed not to name the images on 

the screen. A second experimenter remained out of view behind the curtain to monitor the 

focus and calibration of the eye-tracking apparatus and experiment.

Before the experiment, the eye tracker was focused and calibrated using a 5-point routine. To 

verify that the calibration remained stable throughout the study, each experimental trial was 

initiated with a centrally-presented “drift-check” image (30 × 30 pixels in size). Once the 

child fixated on the drift check, the experimental trial began with images of the target and 

distractor object on the left and right side of the screen. The goal of this silent preview was 

to allow the child to become familiar with the object images and their locations. After 2000 

ms of silent image preview, a 100 × 100 pixel gaze-contingent central stimulus appeared, 

paired with a verbal stimulus, “Look!” The target object label was spoken only after the 

child fixated towards the central image. This gaze-contingent procedure served several goals. 

First, it ensured that experimental trials only proceeded when the child was attentive to 

the verbal and visual stimuli on the screen. Second, it allowed every trial to start from 

when the child was fixating towards the same central location, thereby increasing confidence 

that sustained eye-movements towards the target stimulus were mediated by the auditory 

stimulus and thereby mitigating a potential source of experimental noise (see Delle Luche, 

Durrant, Poltrock, & Floccia, 2015 for an excellent demonstration of this point). Figure 4 

illustrates the sequence of events in a trial.

Approach to analyses: The analytic goals were to illuminate how vocabulary size and 

structure influenced processing of semantically unrelated and semantically related trials 

across age. Therefore, children who contributed data at both points only were included 

to facilitate understanding of these changing patterns. To maintain consistency within the 

literature, the analytic approach in this paper follows the statistical practices in the earlier 

report of the 18-month-olds only. The approach to calculating measures of task performance, 

vocabulary size and structure are described in detail below.

Vocabulary size.: As prior semantic priming studies at these ages (reviewed above) suggest 

that higher and lower vocabulary groups display different patterns in priming, participants 

were assigned to higher and lower vocabulary groups. At each age, toddlers were assigned to 

either a High (N18mos = 29, N24mos = 32) or Low productive vocabulary group (N18mos = 32, 

N24mos = 29) according to a median split of MBCDI productive vocabulary score at that age. 

While vocabulary percentile was included as a continuous measure in full models, analysis 

were additionally carried out for related and unrelated trials for high and low vocabulary 

median split groups separately. The MBCDI data was also used to calculate three measures 

of lexico-semantic structure in each toddlers’ productive vocabulary following procedures 

set out in prior studies and described below.

Category-level structure (Category Density).: The goal of this measure is to highlight 

relative differences in the semantic density of items in the surrounding semantic category 

neighborhood while controlling for each child’s overall vocabulary size. Category density 

was calculated as follows: (1) Calculate the proportion of words the child produces in each 

of the six categories from which the experimental items were selected; (2) Rank order the 
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category proportions from highest to lowest proportion; (3) Assign the top three proportion 

categories to a HIGH density condition, and the bottom three to a LOW density condition; 

and (4) Resolve any #3 and #4 rank ties by assigning both to the HIGH condition. Table 2 

reports the distribution of HIGH and LOW density categories at 18 and 24 months.

Word-level structure (Degree).: Degree reflects the number of directly connected semantic 

neighbors for each lexical item that appeared in the study. Word degree was calculated 

for each child as the number of other nouns that they were reported to produce on the 

MBCDI that shared at least two semantic features in common with each lexical item that 

was presented in the experiment. Semantic features were derived from sets of semantic 

feature norms (e.g., McRae et al., 2005). To ensure that these measures of semantic structure 

emerge from features that are accessible to young children, features were only included in 

the models if they were rated to be accessible to toddlers (mean rating of 4 or higher on a 

scale from 1 to 7, with 7 being very highly accessible). Word degree ranged from 0 to 42. 

Concretely, a word degree of zero for an experimental item would indicate that the child 

does not produce any words that share semantic feature overlap for that word, according to 

parental report using the MBCDI. A higher degree value, such as 10, would indicate that the 

child produces 10 other words that share semantic feature overlap. As children age, so does 

the mean degree for all experimental items, illustrated in Figure 3b and 3e.

Lexicon-level structure (Global clustering coefficient).: Global clustering coefficient 

(GCC), is a graph-theoretic index of the overall semantic connectivity for each child’s 

productive vocabulary. GCC is calculated by dividing the number of “closed” connected 

word triplets by the “open and closed” triplets of connected words in each child’s productive 

lexicon. A word triplet is defined as any set of three words that share some kind of feature 

overlap, and an “open” triplet is one where 2 out of the 3 words are fully connected (i.e., 

cat-dog, cat-mouse is an open triplet, with cat as the “hub”). A triplet is defined as “closed” 

if all three words are directly connected (i.e. share semantic feature overlap) to each other 

(e.g. car-truck, car-helicopter, truck-helicopter). GCC values range between 0 and 1, with 0 

indicating that there are no closed triplets in the child’s vocabulary, and 1 indicating that 

every triplet is closed. Importantly, it is possible to have a vocabulary structure where a 

child has many pairwise connections between words (having a high word degree), but a 

low GCC, indicating that the neighbors of individual words are not connected. Therefore, 

GCC represents a more global measure of overall connectivity between both near and 

far neighbors of individual words, whereas Degree is a local measure of a word’s direct 

neighbors. Figure 3c and 3f illustrates distribution of GCC values in participants at 18 and 

24 months.

Eye-movement data analysis.: The analytic plan followed precedent established in a prior 

paper exploring vocabulary size and structure dynamics on lexical processing on the 18-

month-olds in this sample Borovsky & Peters, 2019. As outlined in this prior paper, it was 

hypothesized that children would experience facilitation as a function of vocabulary size and 

structure in semantically unrelated conditions, whereas these same factors might promote 

semantic interference in the semantically related conditions. Given these differences in task 

demands and dynamics, performance on related and unrelated trials was explored separately. 
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Also, as prior studies had noted group differences between children with relatively larger 

and smaller vocabularies, as defined by median split, children at each age were divided 

into higher and lower vocabulary size for separate analyses for each vocabulary group. 

Vocabulary percentile was included as a continuous variable in full analyses exploring the 

impact of vocabulary size across all participants. To maintain consistency and facilitate 

comparisons, these analytic approaches are carried forward in the current analysis, which 

now also includes age as an additional factor in the statistical models.

For each condition, the time course of looking toward the target and distractor is plotted to 

illustrate the timing and magnitude of processing patterns in the relevant conditions across 

age. It is important to note that all fixation plots start at 0 indicating that toddlers were 

viewing neither the target nor the distractor at the onset of the verbal label. This pattern is 

due to the gaze-contingent trial design, where the target label was spoken only after the child 

initially fixated towards a central stimulus. To quantify how looking patterns vary across 

size and structure, accuracy of looking is calculated using a standard time window from 

300 to 2,000 ms post-label onset. Note that this time window was used in prior analysis 

of the 18-month-olds, and is a typical time window that is used for lexical processing 

analyses in children of this age (Fernald et al., 2008). Accuracy is defined as a log-adjusted 

Target preference (i.e. log-gaze proportion ratio), which is calculated as the log-proportion 

of total fixation to the Target divided by Distractor [log (P_Target / P_Distractor)] during 

the defined 300–2000 ms time window. Because log values are undefined at 0, all 0 

values in the numerator and denominator were replaced with a small value (.001). Positive 

log-gaze ratios indicate a target preference (and successful word recognition), while negative 

values indicate a distractor preference. The log-gaze adjustment has been adopted by a 

number of eye-tracking researchers as this transformation reduces statistical problems with 

homogeneity of variance and linear independence compared to raw fixation proportions 

that vary between 0 and 1 (Arai, van Gompel, & Scheepers, 2007; Knoeferle & Kreysa, 

2012; Wienholz & Lieberman, 2019). This study was not pre-registered, and analysis code is 

available at osf.io/kt9gs.

Results

Time course visualization—The time course of lexical processing in relation to the 

three semantic structure measures at 18 and 24 months is illustrated in Figure 5a. As 

expected, these plots reveal that children at both ages rapidly and accurately identified the 

appropriate target object, typically within the first 500–1000 ms of the onset of the spoken 

label. Fixations towards the target exceeded those towards the distractor by the end of 

analysis period (2000 ms) in all conditions. Importantly, the timing of these gaze dynamics 

illustrate that the pre-defined standard analytic time window of 300 to 2000 ms post label 

onset encompasses the relevant phenomena (see Fernald et al, 2008 for more details on this 

time window recommendation). Additionally, inspection of the time course also reveals that 

looking patterns potentially vary by age and vocabulary structure measure. The following 

statistical analyses seek to quantify these illustrated patterns.

Unrelated trial recognition accuracy—These analyses sought to measure how lexical 

processing patterns were facilitated as a function of vocabulary structure and skill across 
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age. Relevant patterns as a function of vocabulary size and structure are illustrated in 

Figure 6. Performance on each trial was measured as log-gaze trial accuracy across a time 

window from 300 to 2,000 ms post label onset (as described in ‘Approach to Analysis’ 

above). Additionally, categorical measures were deviation coded (High = 0.5, Low=−0.5; 

Barr, 2019; Barr, 2008), and continuous variables were standardized. These measures 

were then entered into a linear-mixed-effects regression (LMER) model using the lme4 
library in R. To facilitate consistency in the literature, these analyses follow the statistical 

modeling approach in Borovsky & Peters (2019), which initially included random effects of 

Participants and Items (i.e., words in the study). However, as in this prior paper, not all of 

these models converged, but all models converged when including Items as a random effect. 

Results of the model are listed in Table 2, and the model formula is:

LogGaze    GCC  +  Degree  +  Category Density ∗ V ocabulary  ∗  Age Group  +   1  Items

The statistical model illustrates several important effects. First, replicating prior findings, the 

positive intercept (marginally significant) indicates that the sample as a whole successfully 

recognized the words in the task, suggesting this task was appropriate across the ages tested. 

A positive effect of Category Density illustrated that lexical processing was facilitated in 

categories with higher density, also consistent with other reviewed studies with children 

in this age range. Unexpectedly, there was not an effect of Age on recognition accuracy, 

indicating that children did not significantly change in their overall performance on this 

lexical processing task between 18 to 24 months. No other main effects or interactions 

reached significance in the full model with all participants.

Unrelated trial accuracy by vocabulary group.—Following the analytic plan, based 

on prior publication of this task with 18-month-olds only (Borovsky & Peters, 2019), and 

prior semantic priming findings which suggested that priming effects vary substantially 

across higher and lower vocabulary groups, participants were further divided into higher 

and lower vocabulary groups to explore how semantic structure influenced word recognition 

accuracy in each group across age. In the higher vocabulary group (Table 3b), a significant 

positive intercept term indicated robust recognition of the target items. However, unlike in 

the full group analyses, category density did not significantly facilitate lexical processing for 

the higher vocabulary group. On the other hand, in the lower vocabulary group, there was 

not a significant, positive intercept effect, suggesting that this group, as a whole, exhibited 

less consistency in target word recognition, though lexical processing was facilitated for 

items in denser semantic categories (indicated by a significant category density term in the 

model in Table 3c). This lower vocabulary group also exhibited a marginal interaction of 

category density and age (p = .068), which is driven by a change in the impact of density on 

lexical recognition in unrelated trials across age, with a clear density effect at 18 months, but 

not 24 months.

Related trial recognition accuracy—In contrast to the semantically unrelated task 

where it was hypothesized that semantic structure should facilitate lexical processing, it 

was expected that semantic structure should interfere with lexical processing of a known 

object in the presence of a semantically related distractor. Task performance as a function of 
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semantic structure and vocabulary skill is illustrated in Figures 5b, and 7. The analyses were 

carried out using the identical statistical approach and formula as in the unrelated trials, and 

model results are reported in Table 4.

As in the semantically unrelated task, the significant positive intercept indicated that 

children successfully fixated towards the labeled target object. There was also a marginal 

negative effect of Age Group on the task, indicating that children experienced greater 

semantic interference at 24 months compared to 18 months. There was a main effect of 

Category Density on performance, with a negative estimate indicating that High density 

items to experienced more semantic interference (reduced accuracy), compared to Low 

density items. Category Density and GCC also interacted with Age. Follow-up Tukey 

analyses of the Category density x Age interaction effect suggest it was driven by reduced 

interference (i.e., higher accuracy) for lower-density items at 18 months, compared to 24 

months, β(SE) = 0.71(0.26), t = 2.78, ptukey-adj = .028. Two further models explored how 

lexical processing in semantically-related trials was impacted by age and semantic structure 

on Higher and Lower vocabulary groups separately. These model results are illustrated in 

Table 4b and 4c, and reveal that the main effect of Category density, and interactions of 

Age with Category Density and GCC were driven by the higher vocabulary group. In the 

higher vocabulary group, there was a significant main effect of Age group, with negative 

estimates indicating the higher vocabulary group experienced greater semantic interference 

(reduced accuracy) in the task as they got older. Secondly, there was an interaction of 

Category Density x Age Group which post-hoc Tukey analyses suggested was driven by a 

tendency for low density items to elicit greater interference at 24 vs. 18 months, β(SE) = 

1.16(0.34), t = 3.38, ptukey-adj = .004. A further interaction of GCC across age was driven 

by changes in the influence of GCC on lexical processing at each age, and this effect was 

particularly strong for children in the higher vocabulary group. As illustrated in Figures 5b 

and 7, 24-month-olds with relatively more (vs. less) interconnected productive lexicons (i.e., 

higher GCC) experienced reduced interference on recognizing words in this task, and this 

effect was particularly driven by the higher vocabulary group.

Discussion

This experiment was designed to test how mechanisms of semantic interference and 

facilitation play out during lexical processing in trials where there either is or is not 

a semantically related distractor item. The findings illustrate that, as expected, children 

appropriately recognized the appropriate target items across both tasks, though the dynamics 

of this process varied across task, and according to the size and structure of productive 

vocabulary.

In unrelated trials, denser category structure facilitated lexical processing, replicating prior 

research on semantically unrelated trials (Borovsky et al., 2016a; Borovsky & Peters, 2019). 

This effect was stronger among children with smaller vocabularies, suggesting that, the 

facilitative effects of category-level density in the lexicon may be particularly powerful 

when children have relatively smaller vocabulary sizes for their age. It is important to note 

that category density is a relative measure, such that higher and lower density categories are 

relative to the child’s own vocabulary size, suggesting that the number of items that a child 
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needs to produce to have a category count as a “sparse” or low-density category for a child 

who produces many words might be the threshold for a “dense” or high-density category 

for a child who produces many words. Yet, proportionally speaking, denser categories have 

a particularly stronger influence among children who know fewer words, suggesting that 

interventions that focus on teaching words within a category might be especially beneficial 

for children with early delays in expressive vocabulary skills. The relative measure of 

density has a number of advantages, including that it is not correlated with vocabulary 

size, as it is tied to relative differences in the child’s own vocabulary networks, thereby 

allowing all children to contribute to both higher and lower density categories at each age 

(see Borovsky et al., 2016 for expanded discussion).

In related trials, GCC and category density also affected performance, replicating and 

extending prior findings. Most notably, children with more interconnected vocabularies 

(higher GCC), experienced a reduction in semantic interference, and this effect was 

particularly strong for the higher vocabulary group. However, it should be noted that the 

range of GCC at 24 months in the higher vocabulary group is much more limited compared 

to children at different ages and with smaller productive vocabularies. Nevertheless, the 

overall relation between GCC and processing at 24 months (reduced interference with 

higher connectivity) does exist across the group as a whole (see Figure 7) as evident in the 

statistically significant Age x GCC interaction in the full sample analysis as well. The GCC 

measure, unlike the other measures of lexico-semantic structure, reflects structure from both 

near and distant neighbors, whereas the other structure measures reflect more local semantic 

neighborhood connections. This influence of distant neighbors on GCC suggests that as 

children’s vocabularies grow with age they experience reduced semantic interference from 

far neighbors.

While these results highlight important connections among lexical processing and 

developing structure as the lexicon builds over toddlerhood, they do not illustrate whether 

and how these skills might impact developmental processes over a longer developmental 

period. The next study pursues a logical next step in addressing whether and how the 

lexico-semantic skills that were measured in Experiment 1 supported continued language 

growth into age three, with a subsequent longitudinal follow up at 36 months on a 

comprehensive assessment of language skills that goes beyond simple vocabulary size, using 

a norm-standardized assessment of language.

Experiment 2

All participants in Experiment 1 were invited to return to the laboratory to participate in 

a comprehensive standardized assessment of language skills at 36 months. Here, it was 

expected that measures of lexical processing in unrelated contexts, as in prior work, would 

predict later outcomes. However, prior studies have yielded inconsistent findings regarding 

whether measures of expressive vocabulary size in early toddlerhood reliably predict later 

language outcomes, particularly at the level needed to address clinical outcomes (Thal et al., 

2013). Therefore, while it was expected that vocabulary size should show positive relations 

with age three language outcomes, it was unclear whether vocabulary size would remain 

a primary indicator after accounting for unique variance contributed by lexical processing 
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and structure. Finally, as prior work (reviewed above) had suggested that children with early 

expressive language delays show poorer metrics of vocabulary structure, it was expected that 

GCC would be positively associated with outcomes at 18 and 24 months, such that children 

with more interconnected lexicons would show higher age 3 language outcome scores.

Methods

Participants—Of the 61 children who were included in the analysis in Experiment 1, 49 

returned at 36 months of age and completed an outcome assessment of language skill using 

the Clinical Evaluation of Language Fundamental, Preschool 2 (CELF-P2).

Assessments

CELF-P2 CLS: Children completed all Level 1 subtests of the Clinical Evaluation of 

Language Fundamentals – Preschool 2 (CELF-P2; Wiig, Secord & Semel, 2006) which is 

a norm-referenced standardized assessment of language skills that is suitable for children 

at this age. Each child’s performance on the task was used to derive a norm-referenced 

standard core language score (CLS), which has a mean standard score (SS) of 100 and a 

standard deviation of 15. These standard scores indicate where a child falls along the normal 

distribution of language skills at this age. The CLS is derived by calculating the child’s 

combined performance on several subtests that assess various aspects of age-appropriate 

language abilities. The subtests in the CLS assessment include: sentence structure, word 

structure and expressive vocabulary. Sentence structure items involve selecting an image 

in response to a spoken sentence, with item difficulty increasing with sentence length and 

complexity. For example, an early item on the test might involve viewing an array of four 

pictures, and the child is asked to point to an item that shows “it smells good” which only 

requires an ability to interpret a single element of the sentence, whereas a more difficult item 

would involve interpreting sentences with more complex phrasal structure that describe more 

complex events, like “point to She drank the milk before she ate the sandwich,” in an array 

of pictures involving a girl in various combinations of consuming a meal. Word structure 

items evaluate the child’s ability to use morpho-syntax in various inflected, derivational, 

comparative and pronominal forms by asking the child to complete a verbal sentence 

completion (cloze) task. For example, a child might complete a sentence while viewing an 

image of a boy who is standing and another who is sitting, while the experimenter points to 

each image and says, “This boy is standing. This boy is ….” The child would receive points 

for producing the correct progressive –ing form. Expressive vocabulary items evaluate the 

child’s expressive vocabulary by eliciting a verbal label for illustrations. Therefore, together, 

the subtests provide a comprehensive evaluation of the child’s ability to comprehend and use 

age-appropriate grammatical and semantic forms of language. Further, this test is often used 

by clinicians who seek to assess whether a preschool-aged child qualifies for a diagnosis of 

a language disorder, with a standard score of 85 or lower indicating a likely language delay 

at this age. In the analyses, the CELF P2 CLS is used as a continuous dependent measure 

of language outcome, and in a secondary exploratory analysis, it is used a categorical 

measure of presence/absence of a language delay (with a threshold of 85 SS, representing 

a group-wise distinction between children who fall below 1 SD of age-standard language 

skill).
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MBCDI: The analyses included the same MBCDI-derived vocabulary size and GCC values 

at 18 and 24 months as described in Experiment 1. We do not include MBCDI-derived 

measures of category density and word degree, as these describe semantic structure that 

surround individual items on the experimental task, and thus do not describe overall 

individual differences in the size or structure of the child’s lexicon, as indexed by GCC 

and vocabulary percentile measures.

Lexical processing performance: The mean log-gaze accuracy measures in semantically 

related and unrelated trials for each subject at 18 and 24 months from Experiment 1 were 

also included as predictors of language outcome. This study was not pre-registered, and 

analysis code is available at osf.io/kt9gs.

Results

The analytic goals were to explore whether and how language skill at 36 months is 

predicted by earlier measures of vocabulary size, structure, and lexical processing. First, 

to illustrate key relationships among the variables, the pairwise correlations and data density 

distributions across all measures are reported in Figure 8. Several notable patterns are 

apparent in these correlation tables. As expected, vocabulary percentile at 18 months is 

strongly correlated with vocabulary at 24 months. GCC was positively correlated with 

concurrent vocabulary size at 18 months, indicating that children with larger vocabularies 

also had greater semantic connectivity in their lexicons at this age. Part of the relation 

between GCC at 18 months appears to be driven by a group of children with smaller 

vocabularies who also tended to have GCC values around 0, representing a lack of semantic 

clustering at small vocabulary sizes for this group. However, clustering was not entirely 

absent in all children with smaller vocabularies, as illustrated on the correlation plot. 

Importantly, GCC at 18 months correlates with future language measures, including MBCDI 

at 24 months, and CELF-P2 at 36 months. At 24 months, GCC and MBCDI are not 

correlated, though GCC at this age does predict CELF-P2 outcome at 36 months – though, 

the direction of this relation is reversed, as compared to the relation between GCC at 18 

months and CELF-P2 scores. At the same time, MBCDI percentile measures at 18 and 24 

months does not correlate with later CELF-P2 language outcome measure at 36 months.

The next analyses sought to address whether and how the vocabulary-derived and lexical 

processing measures predicted unique variance in 36 month outcomes, while controlling for 

other factors. A multiple linear regression model was constructed to predict continuous 36 

month language outcomes scores (CELF-P2 CLS standard score) as a function of vocabulary 

size and structure as well as the semantically related and unrelated lexical processing 

measures at 18 and 24 months (Table 5a, Model 1). Overall, the model predicted significant 

variance in 36-month language outcomes, R2
multiple=.28, F(8,46)=2.21, p = .043. Individual 

predictors of GCC at 18 and 24 months predicted later CELF-P2 language scores at 36 

months, but vocabulary percentiles did not. Interestingly, GCC at 18 months was positively 

associated with 36 month language outcome, such that 18 month-olds with more densely 

connected vocabularies had better age 3 language skills. At 24 months, the directionality 

of this relation changed: here, children who had more densely connected vocabularies 

had poorer age 3 language outcomes. Performance on the semantically-unrelated lexical 
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processing task at 18 months also forecasted 36 month language scores such that 18-month-

olds who more accurately recognized known words in unrelated contexts had better 36 

month outcomes.

Finally, as performance on the CELF P2 is typically used by clinicians to identify children 

with language delays, the next analyses sought to explore whether the same predictors of 

vocabulary size, structure and processing from the previous models of continuous language 

outcomes, might also serve utility in predicting categorical low-language outcomes. First, 

36 month-olds were categorized into either a “No Delay” status (having a SS >=85 on 

the CELF-P2 CLS, N=48), or with a “Language Delay” status (LD; with a SS<85 on the 

CELF-P2 CLS, N=7). Figure 9 illustrates differences between children with and without LD 

on all measures, where the most pronounced group differences appear as a function of GCC 

at 18 months. A binomial logistic regression was then conducted to predict language delay 

status as a function of vocabulary percentile, GCC, and performance in semantically-related 

and unrelated lexical processing tasks at 18 months. This analysis, reported in Table 5b 

(Model 2), indicated that GCC at 18 months and performance on the semantically unrelated 

trials at 18 months significantly predicted LD status. Specifically, children with lower GCC 

scores, and those who exhibited poorer performance on lexical processing in semantically 

unrelated trials, (see Figure 9) were more likely to fall within the LD group.

General discussion

This project comprises two longitudinal experiments which build on each other. The first 

(Experiment 1) enhances our understanding of how developmental changes in the size and 

structure of toddlers’ vocabularies impact the mechanisms that support lexical processing, 

and the second (Experiment 2) explores how these skills together (lexical processing, 

vocabulary size, and structure) support ongoing growth of language skills into preschool. 

This work seeks to fill a gap between what have been traditionally two distinct areas of 

psycholinguistic inquiry. The first area has focused on key determinants and developmental 

trajectories of childhood language outcomes, and the other has delineated the dynamics 

and mechanisms that drive lexical activation, primarily in adults. The first domain has 

pointed to promising early interconnections between vocabulary size and lexical processing 

in supporting the continued growth of language skills into preschool and school-age, while 

the second has suggested that lexical recognition is supported not only by building a sizeable 

vocabulary, but as a function of the network of meaning surrounding a word. While a 

number of studies have focused on how semantic structure supports multiple measures 

of lexical processing in adulthood, relatively less is understood regarding how processing 

and vocabulary skills grow in tandem with vocabulary structure at the outset of learning. 

Like adults, vocabulary structure in the toddler’s developing lexicon exists across a range 

of granularities, which can be measured at a local level, with the number of semantic 

neighbors for an individual item (word degree), building into taxonomically-oriented 

semantic categories (category density) and scaling up to connectivity that exists between 

immediate and distant neighbors in the entire lexicon (GCC). While studies of adult lexical 

processing had indicated that measures that account for semantic distance / granularity 

differentially affect processing in mature lexicons with many thousands of words, relatively 

little was known about how these factors affect lexical processing at the earliest stages of 
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lexical learning. Therefore, Experiment 1 focused on how lexical processing was affected 

by vocabulary structure at several levels of granularity in the child’s lexicon. The second 

experiment then sought to build on the sizeable literature which now suggests that lexical 

processing and vocabulary size are both important predictors for continued growth in the 

child’s skills, while exploring how a new dimension – that of semantic structure – also 

contributes to longer-range language growth. The results across both studies provide useful 

constraints on potential mechanisms that support sustained language growth during this 

important period of development.

Effects of vocabulary structure on lexical processing—Vocabulary structure was 

measured at three levels: at the word-level, category-level, and total lexicon-level. Here, 

several findings are notable. First, the lack of word-level structure effects across the board 

suggests lexical processing mechanisms might not be influenced by direct (or nearest) 

semantic neighbors insomuch as it is driven by activation in a broader network of near and 

far semantic neighbors at the category and lexicon-level that are not necessarily directly 

connected to the target word. However, this lack of effect should be interpreted cautiously, 

and a great deal more work is needed to systematically explore and verify this conclusion for 

a lack of directly connected near-neighbor influence here.

The category and lexicon-level effects on lexical processing are also noteworthy, and 

support several inferences about the mechanisms that underlie early lexical activation across 

development. The category-level effects on facilitation and interference, particularly in the 

younger age group, suggest that categorical knowledge may be a powerful mechanism for 

learning and understanding words before age 2, which may, in turn, help to further promote 

vocabulary skills. For example, other work highlights that cues to basic-level category 

membership such as shape, can support early word learning (Perry et al., 2016; Smith et al., 

2002). The current research adds to that work, by suggesting that super-ordinate category 

information may promote word learning by supporting lexical processing. Future work in 

this area is needed to identify whether these category density effects emerge from factors 

intrinsic to the child, such as their own interest (Ackermann et al., 2019) or from extrinsic 

factors, such as linguistic structure in child directed speech (Huebner & Willits, 2018), or in 

some mixture of the two.

There were also notable developmental shifts in the relation between lexicon-level structure 

and semantic interference during lexical processing. At 24 months, higher lexicon-level 

connectivity was associated with reduced interference, while the opposite was true at 18 

months. At both ages, these effects were most strongly driven by children with relatively 

larger productive vocabularies. Prior work had reported that adult lexical processing is 

facilitated by distant semantic neighbors, while near semantic neighbors inhibit lexical 

processing (Mirman & Magnuson, 2009). The current findings provide additional constraint 

on the emergence and development of these mechanisms. At 18 months, near lexical 

neighbors (as indexed by semantic category density) exert a particularly powerful effect 

on lexical processing. Here, co-activation of near neighbors (i.e., other words in the same 

semantic category) appear to increase interference (by reducing accuracy in related trials) 

and boosting lexical facilitation (by increasing accuracy in unrelated trials). However, as the 

child’s lexicon grows, distant lexical connections that would be indexed by GCC also start 
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to also impact lexical processing, resulting in reduced interference for children with more 

highly interconnected lexicons (higher GCC) at 24 months. This developmental reduction in 

interference across age and connectivity seems consistent with accounts of the emergence 

of inhibitory links as vocabulary size grows (Chow et al., 2019; Mayor & Plunkett, 2014). 

As posited by Chow and colleagues (2019), the rapid increase in vocabulary around the 

time of the vocabulary spurt, may be driven by (or result in), the need to develop inhibitory 

lexical activation mechanisms that prevent massive over-activation and interference from 

the greater number of potential near and far neighborhood connections that result from 

acquiring a larger lexicon. Thus, the current findings support the idea that changes in the 

size and structure of the child’s lexicon are tied to the emergence of mechanisms of semantic 

interference over this period. Further work is necessary to elucidate how these mechanisms 

of facilitation and interference shift and stabilize with continued growth in lexico-semantic 

knowledge throughout childhood and into adulthood.

Connecting lexical processing, vocabulary size and structure to later 
language skills—The final goal of this project was to explore whether and how toddlers’ 

vocabulary size, vocabulary structure, and lexical processing predicted age 3 language skills. 

While it was expected that there would be a significant, positive correlation between earlier 

productive vocabulary skills and age 3 language outcome, none of the analyses identified 

this statistical connection. This lack of effect may be partially explained by variability 

that comprises typical vocabulary growth over the course of the second year (Fenson et 

al., 1994). Indeed, many children who show early delays in expressive vocabulary tend 

to ‘catch up’ over time, and expressive vocabulary size on its own in toddlerhood has 

been a somewhat inconsistent marker of later language delays at preschool and school-age 

(Rescorla & Dale, 2013; Thal et al., 2013). Overall, when considering vocabulary size in 

toddlerhood, the current findings point to importance of incorporating other measures in 

early assessment, such as vocabulary structure and lexical processing measures.

There were several novel relations between vocabulary structure, lexical processing and 

age 3 language outcomes. Lexical connectivity (GCC) at 18 and 24 months predicted 

continuous and categorical measures of language skill at age 3, though the direction of this 

connection changed across this period. At the youngest age tested (18 months), toddlers 

with more densely inter-connected vocabulary (as indexed by GCC) also had better age 3 

language outcomes, whereas the direction of this relation had swapped by the time children 

turned two. This developmental change is driven by a dramatic shift in lexical connectivity 

among the toddlers with the most extreme GCC values at 18 months. Here, as illustrated 

in Figure 3f, while most children maintained relatively stable GCC values ranging between 

.4 - .6 across age, several children who started with the lowest GCC at 18 months then 

then converged to GCC values within this range by 24 months. This same group who 

progressed from the lowest GCC values at 18 months, and high GCC values at 24 months 

had the poorest CELF outcomes at age 3 (illustrated in Figure 8). One concern is that this 

convergence may be driven by a potential reduction in variability in the composition of 

vocabulary as children learn more words and hit ceiling on the MBCDI. However, closer 

inspection of the vocabulary data suggested this was not the case. Children exhibited a range 

of percentiles (and corresponding vocabulary sizes) at both ages, as illustrated in Figure 
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3a and 3d. Correspondingly, raw vocabulary also ranged considerably range across age 

(Rangewords = 10–374, Mwords = 90.4 at 18 months; Rangewords = 61–662, Mwords= 302.5 

at 24 months), and, importantly, none of the children reached ceiling (680 words) on this 

instrument, thereby leaving room for individual variability in vocabulary composition on this 

assessment.

Rather, it appears that GCC values represent a kind of “goldilocks” marker for continued 

language growth into preschool. GCC values that converge around .5 at 18 months (and 

not too much in either direction) portend potential for positive language skill outcomes 

by preschool age. Too much or too little connectivity may signify potential for delay. 

Alternatively, given that children with more extreme GCC values at 18 months also 

exhibited relatively larger shifts in GCC by 24 months (Figure 3f), it is possible that 

dramatic change in lexico-semantic connectivity during this period could signal risk for 

poorer outcomes. This idea may also explain the age-reversed pattern between GCC and 

age 3 language skill. Future work is needed with larger longitudinal samples to distinguish 

whether risk for poorer language outcomes is connected to early “extremism” in lexico-

semantic network structure or developmental instability in structure over time, as either 

possibility could be consistent with the current data. Further, recalling GCC’s connection to 

a reduction in semantic interference at 24 months in Experiment 1, GCC may also contribute 

to long term growth by spurring the development of inhibitory links in the lexicon, which 

may help to support sustained growth in language skills over time. This connection suggests 

that a possible fruitful direction for further inquiry may come from studies that explore, in 

detail, the drivers of lexical inhibition and connectivity in the lexicon.

Measures of lexical processing also predicted later outcomes. Simple pairwise correlations 

indicated that accuracy in lexical processing in semantically related trials at 18 months 

significantly predicted outcomes at age 3. However, after controlling for vocabulary size 

and structure, only lexical processing in semantically unrelated trials predicted outcome 

measures. These findings replicate and extend prior findings which suggest that lexical 

processing skills predict later language skills, suggesting that the child’s ability to efficiently 

activate and recognize a named word is a critical component in language learning, and 

potentially supports not only continued vocabulary growth, but other, more complex 

language skills as well (Fernald & Marchman, 2012; Lany et al., 2018; Marchman & 

Fernald, 2008; but cf. Donnelly & Kidd, 2020).

In sum, this work represents an initial attempt to disentangle how several lexico-semantic 

skills that change dramatically over the second year contribute to continued patterns in 

language growth. The emerging findings suggest that mechanisms that underlie lexical 

processing associate with concomitant changes in vocabulary, and that these skills have 

important consequences for continued language skills at age 3. Importantly, the findings add 

to a growing body of evidence that point to the promise of supplementing typical measures 

of vocabulary size with those that also probe developments in vocabulary structure over 

time (Borovsky et al., 2021), as both types of measures are likely to interact in important 

ways that illuminate the mechanisms and knowledge that contribute to the vast individual 

differences in early language growth.
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Appendix A.

Schematic of constructs referred to in the introduction and relation to prior work and the 

current study.

Appendix B.

All target items and their distractor pairings in related and unrelated trials.

Target Item Category Target Item Related Distractor Unrelated Distractor

ANIMALS Bird Dog Nose

Dog Bird Teeth

BODY PARTS Teeth Nose Dog

Nose Teeth Bird

CLOTHING Diaper Shoe Airplane

Shoe Diaper Car

DRINK Juice Milk Banana

Milk Juice Apple

Borovsky Page 23

Dev Psychol. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://osf.io/kt9gs


Target Item Category Target Item Related Distractor Unrelated Distractor

FRUIT Apple Banana Milk

Banana Apple Juice

VEHICLES Airplane Car Diaper

Car Airplane Shoe
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Figure 1. 
Overview of design and measures in Experiments 1 and 2. Car image courtesy of 

© User:Thesupermat / Wikimedia Commons / CC-BY-SA-3.0 (background removed). 

Shoe image edited from https://www.maxpixel.net/Fashion-Sneakers-Cute-Sports-Shoes-

Childrens-Shoes-3057511/CC01.0.
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Figure 2. Examples of visual stimuli in each condition.
(A) Illustrates semantically related trials, where Target and Distractor images were 

semantically related. (B) Depicts semantically unrelated trials, where Target and 

Distractor did not share category membership. Due to licensing restrictions, similar, 

but not identical images of depicted objects appeared in the study. Car image 

courtesy of © User:Thesupermat / Wikimedia Commons / CC-BY-SA-3.0 (background 

removed). Remaining illustrated images were edited from images selected from https://

www.maxpixel.net/ / CC0 1.0. This image is adapted under a CC BY license from 

“Vocabulary size and structure affects real-time lexical recognition in 18-month-olds” 

by Borovsky, A. and Peters, R.E., PLOS One, 14(7),p. 7, https://doi.org/10.1371/

journal.pone.0219290.g001
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Figure 3. 
Upper plots illustrate distribution of (A) Vocabulary Percentile, (B) Degree, and (C) GCC 

at each age, and lower plots show change in (D) Vocabulary Percentile, (E) Degree and 

(F) GCC for each individual subject across age. Color in panels A–C denote participant 

age, while color in panels C and D indicate the starting value of Vocabulary Percentile (D) 

Degree (E) and GCC (F) at 18 months for each child to illustrate patterns of developmental 

change across participants in the data.
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Figure 4. Illustration of sequence of events in a trial.
Trial structure is illustrated in 1–3. Before the onset of the trial, a central image appears 

to direct the child’s attention to the screen. Then (1) Trial begins with silent preview 

of two images. (2) A central stimulus appears, and remains until child fixates on it. 

(3) Central image disappears and the label of the target object is spoken (Car! That’s 
cool!). Images remain on the screen for 4000 ms post label onset. Car image courtesy 

of © User:Thesupermat / Wikimedia Commons / CC-BY-SA-3.0 (background removed). 

Shoe image edited from https://www.maxpixel.net/Fashion-Sneakers-Cute-Sports-Shoes-

Childrens-Shoes-3057511/CC01.0.
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Figure 5. 
Time course plots illustrating patterns of recognition as a function of semantic structure at 

18 and 24 months. Plots depict proportion of looks towards the Target or Distractor object 

in 50 ms intervals starting from label onset (0 ms) to 2000 ms post label onset. High/Low 

for category density groups indicate looks to words which belong to high or low density 

categories. High/Low for word degree and GCC represent a median split of by item (for 

degree) and by child/lexicon (for GCC).
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Figure 6. 
Relations between semantic structure measures and log-gaze accuracy measures in the 

semantically unrelated condition at 18 and 24 months. Semantic density is plotted by 

high and low density categories, word degree is divided according to quartiles of degree 

distribution, and each point on the cluster coefficient plots represents lexical connectivity for 

each individual child in the study.
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Figure 7. 
Relations between semantic structure measures and log-gaze accuracy measures in 

semantically related trials at 18 and 24 months. Semantic density is box-plotted by high 

and low density categories, word degree box-plots are sub-divided according to quartiles 

of degree distribution, and each point on the cluster coefficient plots represents lexical 

connectivity for each individual child in the study.
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Figure 8. 
Pairwise correlation and density distributions of vocabulary size (CDI_Percentile), structure 

(GCC), and word recognition (LogGaze) in semantically related (SR) and semantically 

unrelated (SU) trials at 18 and 24 months with CELF standard score (CELF_CLS_StdScore) 

at 36 months. Lower left trial displays scatterplot with fitted line and ellipses, and values 

in upper right triangle indicate the correlation coefficient of this relation. Values along the 

diagonal illustrate the histogram and density estimation of values for each variable. Asterisks 

for correlation coefficients indicate: * − p<.05, ** − p<.01, *** p<.001
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Figure 9. 
Boxplots of Vocabulary size, structure, and processing predictor variables as a function of 

age 3 language delay status, with language delay defined as falling at or below 85 SS on the 

CELF-P2 CLS, and no delay defined as above 85 SS on this measure.
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Table 1.

Participant demographics in Experiment 1 and 2.

Experiment 1 (N=61) Experiment 2 (N=49)

Sex

 Female 25 (41%) 19 (38.8%)

 Male 36 (59%) 30 (61.2%)

Race

 African American / Black 8 (13.1%) 8 (16.3%)

 Caucasian / White 42 (68.9%) 32 (65.3%)

 Multiple 3 (4.9%) 3 (6.1%)

 Not reported 8 (13.1%) 6 (12.2%)

Ethnicity

 Hispanic 7 (11.4%) 6 (12.2%)

 Not Hispanic 53 (86.9%) 42 (85.7%)

 Not reported 1 (1.6%) 1 (2.0%)

Maternal Education

 High School 3 (4.9%) 3 (6.1%)

 Some College 12 (19.7%) 10 (20.4%)

 College 16 (26.2%) 13 (26.5%)

 Graduate or Professional 28 (45.9%) 21 (42.9%)

 Not reported 2 (3.3%) 2 (4.1%)
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Table 2.

Proportion of children in each category with high and low category density at each age tested in Experiment 1.

18 months 24 months

High Low High Low

ANIMALS .48 .52 .52 .48

BODY PARTS .61 .39 .68 .32

CLOTHING .15 .85 .09 .91

DRINK .52 .48 .58 .42

FRUIT .66 .34 .69 .31

VEHICLES .39 .61 .59 .41
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Table 3.

LMER results for unrelated trials*.

A) All participants (N=61) **

Estimate Std. Error t-value p-value

(Intercept) 0.371 0.220 1.684 0.095

Vocabulary 0.023 0.147 0.157 0.875

Semantic category density 0.344 0.138 2.487 0.013

Word Degree 0.298 0.267 1.118 0.264

Global Cluster Coefficient −0.099 0.088 −1.122 0.262

Age 0.015 0.244 0.061 0.951

Vocab. x Sem. Category Density −0.154 0.136 −1.136 0.256

Vocab. x Word Degree −0.210 0.168 −1.253 0.211

Vocab. x GCC 0.026 0.082 0.320 0.749

Vocab. x Age −0.014 0.210 −0.068 0.946

Age x Sem. Category Density −0.245 0.192 −1.277 0.202

Age x Word Degree −0.314 0.267 −1.175 0.240

Age x GCC 0.366 0.322 1.139 0.255

Cat. Density x Age x Vocab. 0.063 0.194 0.325 0.745

Degree x Age x Vocab. 0.150 0.180 0.833 0.405

GCC x Age x Vocab. 0.146 0.333 0.437 0.662

B) Higher vocabulary group (N=30)

Estimate Std. Error t-value p-value

(Intercept) 0.473 0.159 2.974 0.004

Semantic category density 0.079 0.182 0.432 0.666

Word Degree 0.235 0.137 1.718 0.087

Global Cluster Coefficient −0.214 0.219 −0.979 0.328

Age −0.431 0.325 −1.325 0.186

Age x Sem. Category Density −0.038 0.254 −0.150 0.881

Age x Word Degree −0.201 0.147 −1.370 0.171

Age x GCC 1.175 0.708 1.661 0.097

C) Lower vocabulary group (N=31)

Estimate Std. Error t-value p-value

(Intercept) 0.393 0.542 0.724 0.469

Semantic category density 0.567 0.192 2.953 0.003

Word Degree 0.603 0.735 0.820 0.412

Global Cluster Coefficient −0.114 0.064 −1.785 0.075

Age Group 0.092 0.555 0.166 0.868

Age Grp x Sem. Category Density −0.508 0.278 −1.825 0.068

Age Grp x Word Degree −0.499 0.741 −0.673 0.501

Age Grp x GCC 0.162 0.284 0.569 0.570
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Panel A illustrates results for all participants, and panels B and C report model outcomes for higher and lower vocabulary groups, respectively. 
Significant effects are highlighted in bold, marginal effects in italics. Covariance matrices are appear with the analytic code on osf.io/kt9gs

*
Exploratory analyses also found that category pairings did not contribute to the model, and that removing potential late-talkers below the 10th 

percentile on MBCDI did not influence the results, these analyses can be viewed on osf.io

**
Models were also repeated using robust regression, which controls for potential influence of outliers. Statistical patterns are identical and 

reported on osf.io
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Table 4.

LMER results for related trials*.

A) All participants (N=61) **

Estimate Std. Error t-value p-value

(Intercept) 0.746 0.205 3.646 0.0003

Vocabulary −0.032 0.152 −0.210 0.834

Semantic category density −0.316 0.143 −2.214 0.027

Word Degree 0.277 0.271 1.024 0.306

Global Cluster Coefficient 0.034 0.091 0.370 0.711

Age −0.707 0.252 −2.806 0.005

Vocab. x Sem. Category Density −0.167 0.139 −1.202 0.230

Vocab. x Word Degree −0.140 0.174 −0.805 0.421

Vocab. x GCC −0.003 0.085 −0.031 0.975

Age x Vocab. −0.183 0.219 −0.836 0.403

Age x Sem. Category Density 0.398 0.199 1.996 0.046

Age x Word Degree −0.324 0.276 −1.172 0.241

Age x GCC 0.677 0.337 2.008 0.045

Cat. Density x Age x Vocab. 0.128 0.200 0.638 0.524

Degree x Age x Vocab. 0.153 0.186 0.820 0.412

GCC x Age x Vocab. 0.401 0.346 1.161 0.246

B) Higher vocabulary group (N=30)

Estimate Std. Error t-value p-value

(Intercept) 0.823 0.154 5.343 <0.0001

Semantic category density −0.368 0.186 −1.979 0.048

Word Degree 0.016 0.135 0.117 0.907

Global Cluster Coefficient −0.398 0.227 −1.750 0.081

Age Group −1.152 0.337 −3.416 0.0007

Age Grp x Sem. Category Density 0.535 0.265 2.024 0.043

Age Grp x Word Degree −0.123 0.151 −0.813 0.416

Age Grp x GCC 1.997 0.745 2.681 0.008

C) Lower vocabulary group (N=31)

Estimate Std. Error t-value p-value

(Intercept) 0.907 0.562 1.615 0.107

Semantic category density −0.148 0.200 −0.742 0.458

Word Degree 0.691 0.776 0.891 0.374

Global Cluster Coefficient 0.031 0.066 0.475 0.635

Age Group −0.664 0.587 −1.131 0.258

Age Grp x Sem. Category Density 0.171 0.287 0.594 0.553

Age Grp x Word Degree −0.634 0.787 −0.805 0.421

Age Grp x GCC 0.271 0.291 0.931 0.352
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Panel A illustrates results for all participants, and panels B and C include model outcomes for higher and lower vocabulary groups, respectively. 
Significant effects are highlighted in bold, marginal effects (.05<p<.1) in italics. Covariance matrices are posted with the analytic code on osf.io/
kt9gs.

*
Exploratory analyses also found that category pairings did not contribute to the model, and that removing potential late-talkers below the 10th 

percentile on MBCDI did not influence the results, these analyses can be viewed on osf.io

**
Models were also repeated using robust regression, which controls for potential influence of outliers. Statistical patterns are identical and 

reported on osf.io
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Table 5.

Linear models for 36 month language outcomes.

A) Model 1: Predicting continuous language outcome (CELF-P2 score)

Estimate Std. Error t-value p-value

(Intercept) 140.4 21.7 6.48 <.0001

Vocabulary Percentile – 18 months −0.045 0.115 −0.394 0.695

Vocabulary Percentile – 24 months 0.023 0.097 0.243 0.809

GCC – 18 months 17.358 8.523 2.037 0.048

GCC – 24 months −94.815 37.841 −2.506 0.016

LogGaze – 18 months – SemRel 3.510 3.665 0.958 0.343

LogGaze – 18 months - SemUnrel 7.371 4.332 1.702 0.096

LogGaze – 24 months - SemRel 3.245 4.031 0.805 0.425

LogGaze – 18 months – SemRel 1.348 4.827 0.279 0.781

B) Model 2: Predicting categorical language delay outcome (CELF-P2 < 85 SS)

Estimate Std. Error t-value p-value

(Intercept) 9.789 6.686 1.464 0.143

Vocabulary Percentile – 18 months −0.041 0.048 −0.855 0.393

Vocabulary Percentile – 24 months 0.023 0.038 0.609 0.543

GCC – 18 months 5.915 2.869 2.061 0.039

GCC – 24 months −18.345 11.504 −1.595 0.111

LogGaze – 18 months – SemRel 0.695 1.539 0.452 0.652

LogGaze – 18 months - SemUnrel 3.767 1.850 2.036 0.042

Log Gaze – 24 months - SemRel 1.267 1.346 0.941 0.347

Log Gaze – 24 months - SemUnrel −0.783 1.729 −0.453 0.651

Significant effects are highlighted in bold.
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