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ABSTRACT
Early vocabulary development benefits from diverse lexical exposures within children’s language environment. However, the
influence of lexical diversity on children as they enter middle childhood and are exposed to multimodal language inputs
remains unclear. This study evaluates global and local aspects of lexical diversity in three 1.6-million-word child-directed corpora,
representing average Chinese children’s speech, print, and media language environments. Additionally, pseudo-multimodal
samples were compiled from the three corpora to compare with the unimodal environments on lexical diversity. We then
investigated the associations between lexical diversity and the acquisition of 361 words spanning early-to-middle childhood.
The findings show that print and pseudo-multimodal language provided the most diverse lexical environments, whereas speech
exhibited the least diversity. However, speech diversity most strongly predicted lexical development, particularly before the onset
of middle childhood. Exploratory analysis revealed that lexical diversity of other modalities emerged as stronger predictors
thereafter. Early lexical developmentwas best predicted bywords’ variations in connectivitywith otherwordswithin an immediate
context, whereas in middle childhood, variations in words’ occurrences in larger context windows became the primary predictor,
implicating children’s growing ability to attend to linguistic contexts of increasing sizes. Importantly, higher diversity was
consistently associated with earlier word acquisition across measures and developmental phases. These findings underscore the
critical role of varied lexical experiences in children’s language development.

1 Introduction

Child vocabulary development is strongly associated with the
linguistic input they receive. Particularly, qualitative variations
of lexical items in the speech input play a pivotal role in shaping

early vocabulary acquisition (Huttenlocher et al. 2010; Montag,
Jones, and Smith 2018; Rowe 2012; Rowe and Weisleder 2020;
Weizman and Snow 2001). However, as children progress from
early to middle childhood (3–9 years of age), they encounter
increasingly complex language environments characterized by
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Summary
∙ In early-to-middle childhood, print and multimodal lan-
guage environments offer the highest lexical diversity,
followed by media language input.

∙ Greater local lexical diversity, as well as the diversity
of input modality, is positively associated with lexical
development.

∙ Speech diversity most strongly predicted early lexical
development, with its influence declining with the onset
of middle childhood.

∙ The study extends research on lexical diversity and its
influence on Chinese, contributing to knowledge in non-
Indo-European language development.

multimodal inputs, including daily speech, screen media, and
printed words. The specific lexical experiences provided by these
input modalities and their impact on lexical development are
not fully understood. Further, the extent to which the pattern
of variability is present in children’s language environment
beyond the English-speaking world remains largely unexplored.
To address these gaps, we investigate lexical diversity—a hall-
mark of input quality—in children’s speech, media, and print
language environments and its influence on lexical development.
Our analysis extends beyond the English-speaking context to
Chinese, a non-Indo-European language with the largest number
of developing language learners globally.

1.1 Language Input Across Modalities

Throughout development, input modality is an important source
of variation in children’s language environment. In infancy and
toddlerhood, caregiver speech is significantly associated with the
rate of children’s vocabulary growth (Hart and Risley 1995). As
children grow, exposure to language through TV and other screen
media becomes substantial. By the age of 3, children can spend
up to 3.6 h a day watching TV (Madigan et al. 2019). Further, even
before formal education begins, many children engage with writ-
ten texts through shared book reading, which constitutes another
significant source of language input. Individual differences in the
amount of print exposure are already present in preschoolers (e.g.,
Scheele, Leseman, and Mayo 2010), which was found to strongly
influence later vocabulary learned through reading (Mol and Bus
2011).

Although all these input modalities are essentially “child-
directed,” they differ in their linguistic features. For example,
comparedwith child-directed speech, picture books containmore
complex sentence constructions (Cameron-Faulkner and Noble
2013; Hsiao, et al. 2023; Montag 2019), a greater variety of word
types (Dawson et al. 2021; Montag, Jones, and Smith 2015)
and longer and more morphologically complex words (Dawson
et al. 2021). Given that print exposure typically starts much later
than speech input, the complexity of book language aligns with
the developmental trajectory wherein children progress from
acquiring simple to complex language structures.

A pertinent question arises regarding the language experiences
of children as they start navigating across modalities from
early to middle childhood. Media language exposure during
this period is substantial, and its impact on child development
has received considerable research attention in recent years.
The findings, however, seem to suggest a complex relationship:
while excessive screen use is often negatively associated with
language development (Pagani, Fitzpatrick, and Barnett 2013),
it could be beneficial when coupled with interactive content
and reasonable usage duration (Jing et al. 2023; Madigan et al.
2019). This implicates that not all media interactions have
“equal” influences on children’s language development, leaving
open questions about whether it is the language per se or
the accompanying activity that impacts language learning from
screen media exposure. Theoretically, language in children’s
animated cartoons and movies, while scripted, is conversational,
offering a complex language environment akin to books while
being as interactive as speech, which might confer benefits for
language and cognitive development (Mar, Tackett, and Moore
2010). Despite considerable screen media exposure in children
and concerns about its impact on language development, little is
known about the language children encounter when using screen
media, and comparisons betweenmedia language with speech or
print language environments have been scant.

Therefore, the primary aim of this studywas to compare language
across children’s speech, print, and media inputs. It is important
to note that the actual language environments of most children
are essentially multimodal. They all are exposed to speech,
print, and media language to varying degrees, and their daily
activities are often accompanied by a blend of language input
modalities (e.g., watching TV or reading picture books while
hearing caregivers talking to them). By analyzing the language
modalities as separate input sources, we aimed to query the
lexical experience children might have when exposed to each
modality of language input but not children’s actual language
activity.

We focus specifically on a key aspect of input quality: lexical
diversity. The term “lexical diversity” here refers to a range of
measures of the degree of lexical variation in language input,
as seen in prior research. Current word learning theories and
models posit that forming connections between words and their
contextual surroundings is crucial for lexical development, as the
goal of word learning is to establish a densely connected network
of lexicalized concepts to support efficient retrieval and use (Hills
et al. 2009; Unger and Fisher 2021). Consequently, measures of
word diversity in relation to other words and contexts have been
widely studied in the context of language development in infancy
and reading development in school-age children. Differences in
lexical diversity within individuals’ language environments or
in word learning episodes are strong predictors of vocabulary
development or word learning (e.g., Hsiao and Nation 2018;
Huttenlocher et al. 2010; Rowe 2012). Yet this crucial aspect of
lexical quality has been little examined in the input of children
moving from early to middle childhood. We aim to close this
gap by investigating a range of lexical diversity measures, which
have been separately probed in prior work, within a single study.
In the following sections, we first review different measures of
lexical diversity and then research on their impact on lexical
development.
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1.2 Global and Local Lexical Diversity

To assess the degree of diversity of the lexical experiences
provided by a language environment, previous research has
utilized type-token ratio—the unique number of word types
given a certain amount of word token input. This metric is
positively linked to the language abilities of individual infants
and toddlers (Hoff 2003; Hoff and Naigles 2002; Huttenlocher
et al. 2010; Weizman and Snow 2001) and strongly predicts
vocabulary growth (Rowe 2012). Computational simulations
have also demonstrated that while the quantity of word token
input is important for vocabulary learning early in the process,
the number of unique word type inputs quickly surpassed
it in importance as learning proceeds (Jones and Rowland
2017), highlighting its crucial role, particularly beyond the very
early stages of lexical development. Importantly, research has
consistently shown that children’s picture books contain more
unique word types, that is having a higher type-token ratio, than
child-directed speech (Dawson et al. 2021; Montag, Jones, and
Smith 2015), suggesting that it is a valid measure of the global
lexical diversity of a language input environment.

Words also vary in their local lexical diversity. One intuitive
aspect of a word’s diversity in relation to its surroundings is its
connectivity1 with other words in the local lexical environment,
which can be calculated as the probability of co-occurrences
with the number of unique word types within a short contextual
window. Connectivity is arguably highly related to lexical devel-
opment, as it fosters the acquisition of relational knowledge and
contributes to the formation of a structured lexical organization
(Jiménez and Hills 2022a; Mintz 2003; Unger and Fisher 2021). It
also significantly predicts words’ AoA in infancy (Hills 2013; Hills
et al. 2010) and could be used to distinguish between typically
developing toddlers and late talkers (Jiménez and Hills 2022a,
2022b).

Additionally, a word’s varied use and meaning can be induced
from a larger context that incorporates topicalized semantic
content, indexed by contextual diversity (CD)2 or semantic diversity
(SD) measures. The measures differ in that CD is simply the
number of unique documents in which a word occurs (Adelman,
Brown, and Quesada 2006), while SD also considers the latent
semantic similarities between the documents (Hoffman, Lambon
Ralph, and Rogers 2013; Hsiao and Nation 2018). Children’s
experiences with words involve rich contextualized information,
leading to variations in words’ lexical quality in the mental
lexicon—an idea shared by the Lexical Legacy Hypothesis (Nation
2017) and the Semantic Distinctiveness Model (Johns and Jones
2022; Jones, Johns, and Recchia 2012). They posit that a word’s
lexical strength is updated each time it appears in a new context.
The updated strength is determined by the dissimilarity between
the current context and the previous contexts. Consequently,
words experienced in a wider variety of meaningful contexts
should be more readily acquired and more robustly represented,
as they are more likely to be accessed in the future. Therefore,
the contextualized details of a word’s occurrences should be
considered in evaluating its lexical diversity. AlthoughCD and SD
metrics have been shown to impact written word acquisition in
older children (e.g., Hsiao andNation 2018), their variation across
modalities and effects on lexical development around middle
childhood remain unknown.

1.3 Impact of Lexical Diversity onWord Learning

Whether a repetitive or diverse lexical surrounding is more con-
ducive to word learning has always been of strong interest in lan-
guage development research. Previous research has consistently
shown that global lexical diversity has a significant facilitative
effect: a higher type-token ratio in the input is associated with
better vocabulary development in individual children (e.g., Rowe
2012). In contrast, the impact of local lexical diversity remains a
subject of debate. Although research suggests that higher local
connectivity facilitates word learning (Alhama, Rowland, and
Kidd 2023; Hills et al. 2010; Jiménez andHills 2022a, 2022b), there
is also evidence that words with more diverse contexts or higher
connectivity (Roy et al. 2015; Unger et al. 2024) are acquired later.
In a recent study, Unger et al. (2024) proposed two potential
causes for this discrepancy: the use of different measures of
diversity and the inability to control for input frequency. To
address these issues, the researchers computed two diversity
measures in toddlers’ speech environments—connectivity and
SD—and used the residuals of diversity against frequency to
disentangle the frequency effect. They found that although high
connectivity is related to earlier AoA, the effect reversed after
statistically controlling for frequency. Meanwhile, high SD was
consistently associated with later acquisition.

Another possible explanation for these discrepant findings is
that a diverse environment might hinder word learning in
the early stage and benefit it later on. Previous research has
primarily focused on word learning in infancy and toddlerhood
(before 2.5 years old), a period when the primary goal is to
establish mappings between linguistic labels and their referents.
Yet beyond early childhood, the aim of lexical development
gradually shifts to building a rich, interconnected lexical network
that enables efficient lexical retrieval. In a recent review, Raviv,
Lupyan, and Green (2022) proposed that high diversity likely
poses challenges in the early stages of learning but eventually
helps learners maintain a broad “hypothesis” about the usage
of newly learned items or skills, thereby accommodating future
encounters. Empirical support for this argument comes from
a word learning experiment showing that adults learn to read
rare words better in less diverse contexts, but when initial famil-
iarization opportunities were provided, word learning benefits
from more diverse contexts (Mak, Hsiao, and Nation 2021). From
a developmental perspective, a facilitative role of diversity has
been consistently found in older children learning to read visual
words (Hsiao and Nation 2018; Hsiao et al. 2020), who have
advanced well beyond the initial phases of language learning.
If the learning phase indeed underlies the effect of diversity
on word learning, it is possible that the impact is related to
the increasing granularity of children’s sensitivity to linguistic
surroundings as their attention and memory span grows. Thus,
diversity within larger contextual windows, such as CD and SD,
may exert a stronger or more significant influence on lexical
development in later stages. This possibility, which has not been
previously explored due to a focus on infancy, underscores a gap
in understanding the timing and nature of the diversity effect.

1.4 The Present Study

The present study has two aims: (1) to evaluate cross-modality
variations in global and local lexical diversity in children’s
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language environment within a non-Indo-European context, and
(2) to explore the influence of lexical diversity across modalities
on lexical development from early to middle childhood. We
leverage two recently released Chinese children’s language envi-
ronment corpora (Li, Yang, et al. 2023; Li et al. 2023) as proxies for
average print and screen media language inputs, complemented
by the CHILDES corpus (MacWhinney 2000) representing the
speech environment. Considering that most children are exposed
to multimodal language environments, we additionally compile
corpora drawing equally from each of the unimodal corpora
to approximate a pseudo-multimodal environment on lexical
properties, which was used to compare with the unimodal
corpora. In addition to lexical diversity, we computed words’
input frequency, which is one of the most established indices
of children’s experience with words and is associated with the
difficulty of word learning in toddlerhood (Goodman, Dale, and
Li 2008). To address our first aim, we conduct cross-modality
comparisons on lexical diversity. For our second aim, we used the
diversitymetrics, aswell as input frequency, of the fourmodalities
to predict the AoA of words acquired between the ages of 2.4 and
11 in a series of regression analyses.

2 Method

We begin by introducing the corpora representing children’s
language environments in speech, book, and media modalities.
We also elaborate on how the pseudo-multimodal samples were
compiled. Within each corpus, we first evaluate global lexical
diversity through the lens of type-token ratio and then compute
three local lexical diversity measures (connectivity, CD, and SD).
Detailed information on their calculations is provided. Analysis
of variance (ANOVA) and subsequent Mann-Whitney U tests
were conducted for the measures to address variations in lexical
diversity among input modalities.

Next, we describe the dataset used to evaluate the impacts of
diversity on lexical development. To gauge word learning, we
used existing objective AoA data for concrete nouns. To explore
the effects of lexical diversity across modalities on different
development stages, the data were also partitioned into early-
, mid-, and late-acquired words. Linear regression models were
employed to examine the unique effects of the diversity metrics.
Random forest regression models were also built to estimate the
relative importance of the metrics simultaneously in one model.
Random forests have been suggested to yield more accurate esti-
mates of predictor importance than beta coefficients of multiple
regressions and are robust in handling multicollinearity issues
(Mizumoto 2023; Wurm and Fisicaro 2014). It is thus particularly
suited for comparing the contributions of our diversity measures
that are correlated with one another. We additionally built
models, the results of which were broadly consistent and are
reported in the Supporting Materials.

2.1 Corpora Representing Language
Environments

2.1.1 Speech Environment

Child-directed speech was sourced from the Mandarin Chinese
section of CHILDES (MacWhinney 2000) via the childesr library

(Sanchez et al. 2019). The sample included transcripts of 1668
conversation sessions with 1385 typically developing children
under 108months (M= 54.33months, SD= 18.14months) from 17
databases. These data were collected during play sessions, home
recordings, assessments, and shared book reading. Although
some of the speech data were accompanied by book and/ormedia
contexts, the speech was primarily conversational and not fully
scripted (i.e., not directly reading book texts). For example, many
of the shared reading sessions involved wordless picture books,
designed to prompt caregiver-child spoken interactions. There-
fore, we did not further exclude any databases. Utterances tagged
with “Child” or “Target_Child” were excluded. Foreign language
words, symbols, and pinyin transcriptions were removed. The
final sample comprised 1,592,146 word tokens and 16,101 unique
word types.

2.1.2 Book Environment

To represent the average children’s print language environment,
we obtained 1497 picture books from the CCLOWW G2
subcorpus3 (Li et al. 2023). To match word tokens with the
other corpora, we additionally collected 1726 picture books
using the children’s book lists provided by a non-governmental
organization iRead (http://www.iread.org.cn/project/shumu/
shumu2022.html) as an orientation. The picture books covered
a wide range and diversified child-friendly topics. We followed
Li et al. (2023) for word segmentation and cleaning. The final
sample contained 3223 picture books, 1,657,868 word tokens, and
42,877 unique word types.

2.1.3 Media Environment

We utilized the CCLOOW corpus (Li et al. 2023), which includes
transcripts of popular animated TV series and movies targeted at
3-to-9-year-old children in mainland China. We excluded 20 long
episodes from the original 1,893,432 word-token corpus to match
the size of the other corpora. The animated TV series and movies
were all child-directed and were narratives. We also followed Li
et al. (2023) forword segmentation and cleaning. The final sample
contained 245 documents with 1,649,996 word tokens and 36,060
unique word types.

2.1.4 Pseudo-Multimodal Environment

To create a pseudo-multimodal condition, we sampled docu-
ments equally from the three corpora (Figure 1). Given the
different lengths of speech conversations, picture books, and
animations, we first divided each corpus into short contexts of
approximately 150 words. This produced 10,955 speech contexts
(length M = 145.34, SD = 24.78), 11,667 book contexts (length
M = 142.10, SD = 32.88), and 10,319 media contexts (length
M= 159.90, SD= 15.45). These contexts also served as the basis for
calculating connectivity, CD, and SD in each unimodal corpus, as
described later. The 150-word context size was chosen to ensure
reliable diversity measures, previously shown to explain unique
variance in word naming efficiency in Chinese (Chang and Lee
2018). Each pseudo-multimodal sample included an equal third
of speech, book, and media contexts. Since the exact makeup of
children’s natural language environment is unknown, we used
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FIGURE 1 Schematic representation of creating the pseudo-multimodal language environment.
Note: Each of the unimodal corpora was divided into multiple 150-word contexts (represented by the bricks in the figure) (a), which were used for computing CD
and SD in each unimodal corpora, as well as for creating the pseudo-multimodal corpus; one-third of the contexts from each corpus were randomly sampled (b);
the drawn samples were combined to create a pseudo-multimodal corpus (c). This sampling procedure was repeated 30 times, and the multimodal diversity
metrics were computed as the averages of the 30 samples.

this balanced approach and generated 30 random samples, each
averaging 1,633,348-word tokens and 24,698-word types.

The pseudo-multimodal sample was created to approximate
lexical features that might exist in a multimodal language envi-
ronment. Given the sampling method, we acknowledge that this
sample is not an accurate representation of the textual or syn-
tactic characteristics found in natural multimodal input, where
speech, print, and media language often temporally co-occur
and blend. Our aim with the pseudo-multimodal sample was
to investigate whether a language sample derived from distinct
unimodal corpora might provide a lexically diverse environment
that reduces the inherent biases associated with each unimodal
source. Therefore, caution is advised when interpreting findings
related to the pseudo-multimodal sample’s lexical diversity.

2.2 Lexical Diversity Measures

For each corpus, we computedmetrics to assess both global (type-
token ratio) and local lexical diversity (connectivity, CD, and
SD), as well as input frequency in the environment. Frequency,
connectivity, and CD were computed for 8631 common words
shared across corpora, while SD was computed for 2207 words
common to all corpora. Input frequency and lexical diversity
metrics of the pseudo-multimodal corpus were the average of the
30 samples. The main analyses were conducted on lemmas, or
word forms, aligning with previous work (Dawson et al. 2021;
Montag, Jones, and Smith 2015). However, the length of the
documents in each corpus, that is, the conversation sessions in the
speech corpus, picture books in the book corpus, and episodes or
movies in the media corpus, differ drastically due to the nature of
the material, which prevents a fair comparison. For this reason
and for our purpose of creating the multimodal samples, as

noted above, we divided each corpus into approximately 150-word
contexts. Context-dependent measures, including connectivity,
CD, and SD, were calculated based on 150-word contexts for all
four corpora.

Additionally, to explore potential differences among lexical cate-
gories, input frequency, and CD were calculated for words with
part of speech (POS) tags taken from the Penn Chinese Treebank
(Xue et al. 2019). For this analysis, words were grouped into
major lexical categories: nouns, lexical verbs, adjectives, adverbs,
pronouns, and numerals. Other tags, including auxiliary verbs
and other function words, were categorized as “other,” resulting
in a total of 9937 POS-tagged words.

2.2.1 Input Frequency

A standardized frequency index for the common words was
computed—Zipf value (van Heuven, Mandera, Keuleers, & Brys-
baert, 2014), calculated as log10 (counts per million) +3. The
Zipf value ranges from 1 to 7 with a Zipf = 1 (1 per 100 million)
suggesting very low frequency; a Zipf= 6 (1 per 1000) representing
very high frequency; and a Zipf between 3 (1 per million) and 4
(1 per 100,000) suggesting medium frequency. The standardized
measure allows across-corpora comparison.

2.2.2 Type-Token Ratio

Following Montag, Jones, and Smith (2015), we employed a
bootstrapping approach by randomly sampling word sets of
increasing sizes to generate a distribution of unique word type
counts in each corpus. We started at 50,000 words, iteratively
increased the sample size in increments of 50,000 words, and
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FIGURE 2 An illustrative example of connectivity of the word�� (cai3 bi3, “colored pen/marker’’) in children’s average speech, book, andmedia
language environments.
Note: Connectivity values shown in the example were computed with the moving window size of 11 over the corpora. Function words were removed from the
demonstration. When function words are included, the values are speech = 44, media = 81, and book = 98.

ended at the maximum tokens of the smallest corpus (i.e., 1.55
million words). This procedure was repeated 100 times at each
sample size with replacement, resulting in 3100 random samples
per corpus. Type-token ratio was the number of unique word
types divided by the number of word tokens in each of the
samples.

2.2.3 Connectivity

Aword’s local connectivity with other words were assessed by the
number of unique words that likely co-occur with the word in
the input, which reflects the direct proximity of two words in lan-
guage exposure (Jiménez and Hills 2022b). A moving window of
sizes of 5, 7, or 11 (i.e., 2, 3, and 5 words before and after the target)
was slid through each corpus, resulting in a co-occurrence count
matrix. The counts between words i and j were normalized into
positive point-wise mutual information (PPMI) values using the
formula (1). Thematrixwas then transformed into a binarymatrix
where 1 indicates presence and 0 indicates absence of connection
between words i and j. Each word’s connectivity was calculated
as the number of words with which it had a connection in the
lower triangle of the matrix. Figure 2 shows the connectivity of
an example word in the speech, book and media corpora. In the
following, results for connectivity with the window size of 11 are
reported. Analysis with the window sizes 5 and 7 have yielded
same results and are reported in Supporting Materials.

PPMI(𝑖, 𝑗) = max

(
𝑙𝑜𝑔

(
𝑃(𝑖 ∩ 𝑗)

𝑃(𝑖)𝑃(𝑗)

)
, 0

)
(1)

2.2.4 Contextual Diversity

Traditionally, CD was the count of documents in which a
word occurs, disregarding repetition within documents. As noted
above, we divided each corpus into approximately 150-word
contexts. The CD was then computed for each word by counting

the number of unique contexts in which it occurs. We then
log-transformed the raw counts.

2.2.5 Semantic Diversity

A standard latent semantic analysis (LSA) procedure was per-
formed to create a word × context high-dimensional matrix,
where the same contexts for computing CDwere used. The values
in the matrix were log-transformed and divided by the word’s
entropy (H) in the corpus using formula (2), where c indexes the
contexts in which the word occurs, and pc denotes the word’s fre-
quency in the context divided by its total frequency in the corpus.

𝐻 = −
∑
𝑐

𝑝𝑐 log (𝑝𝑐) (2)

Singular value decomposition was then used to reduce the high-
dimensional matrix to 300 dimensions, producing a set of vectors
for each word and a set of vectors for each context. Words
that occurred in less than 10 contexts were excluded. For words
with over 2000 contexts, following Hoffman, Lambon Ralph,
and Rogers (2013), we randomly sampled 2000 for analysis to
conserve computing resources. The average cosine similarity
scores between any two contexts containing a word were log-
transformed and sign reversed to represent the SD of the word.
Because SD was not computed for words with very low frequency
or that occurred in few contexts, therewere fewer rarerwords that
had SD values compared to those with other diversity metrics. As
a result, SD was only analyzed as an aspect of lexical diversity
acrossmodalities and not used to analyze the lexical development
data.

2.3 Lexical Development Data

Objective AoA for 435 words was obtained from Liu et al. (2011),
of which 361 had lexical diversity measures and were analyzed.
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In the original study, AoA was determined based on responses
from 442 children’s (age range: 2.4–11) performance in naming
pictures. The children were assigned to seven age groups from
preschoolers to Grade 3. Objective AoA for each word, which is
the name of a picture, was calculated in the original research as
AoA = age_m–4*(C%–0.75), where age_m refers to the mean age
of the youngest groupwithmore than 75% accuracy in naming the
picture, and C% refers to the percentage of children who named
the picture correctly in the age group.Accordingly, a picture name
correctly identified by 75% of children with an average age of 8
years will have an AoA of 8 years, and a picture name correctly
identified by 100% of the average 8-year-olds will have anAoA of 7
years. The second part of the equation, 4*(C%–0.75), was included
to introduce variability in the AoA measure. This adjustment
ensures that words named by 75% and 100% of children within
the same age group are distinguished, allowing for finer-grained
distinctions. By incorporating this term, we can differentiate
between words with varying naming rates (e.g., 75% vs. 85%) and
adjust the AoA values for items that were named correctly by less
than 75% of the oldest group.

Based on the AoA computed by the original research, we further
divided the words into three groups according to their AoA: 120
early- (AoA ≤ 4), 113 mid- (4< AoA ≤ 7), and 128 late-acquired
(AoA > 7) words. Note that the words in these analyses are all
concrete nouns because the AoA data was based on children’s
picture naming accuracies.

2.4 Statistical Analysis

ANOVA was employed to examine the main effect of modal-
ity on frequency and local lexical diversity metrics. Effect
sizes were estimated using partial eta squared (ηp2). Subse-
quently, to test the difference between each pair of modalities,
non-parametric Mann-Whitney U tests were performed, with
alpha corrected for multiple comparisons using the Bonferroni
method.

To investigate the effects of input frequency and lexical diversity
(connectivity and CD) on word learning, we ran simple linear
regression models with frequency and each diversity measure
from each modality predicting AoA. SD was excluded from
this analysis due to limited overlap between the words in the
dataset and those having SD values in all modalities. Numeric
variables were centered and scaled. Explained variance (R2) and
the Akaike information criteria (AIC) were used to compare the
models. In these analyses, our primary focus is to determine
which modality-specific diversity measures better explain lexical
development.

Since we were also interested in exploring the relative contribu-
tion of lexical diversity across modalities, particularly at different
developmental stages, we further built random forests regression
models, where twelve predictors of interest (input frequency
and 2 diversity metrics by 4 modalities) were simultaneously
included. In random forest regressions, an ensemble of decision
trees is created using bootstrapped samples and randompredictor
subsets. Out-of-bag samples were then used to estimate the error
and to assess prediction accuracy. In our analysis, tree expansions
were terminated at a pre-defined number of 500 trees, each with

FIGURE 3 Number of unique word types as a function of word
tokens in samples across modalities.
Note: The graph shows the mean number of unique word types at
different-sized samples of word tokens randomly selected from the four
corpora (represented by different colors).

100 permutations and 3 predictors tried at each split. The relative
importance of each predictor was estimated using increase in
mean squared error (IncMSE%)when the predictorwas permuted
while keeping the other predictors constant, which indicates the
impact of the given predictor on the predictive accuracy of the
model. The significance of the predictorswas obtained by permut-
ing the response variables 100 times, using the rfPermute package
(Archer 2023) in R. Additionally, to explore potential variations
in the diversity effects across development, we divided the words
into early-, mid-, and late-acquired categories according to their
AoA and ran the random forest regressions separately for each of
the three bins of words.

3 Results

3.1 Global Lexical Diversity Across Modalities

Figure 3 shows the numbers of unique word types as a function
of word tokens in the samples in the four corpora. Type-token
ratio values were the number of unique word types divided by
the number of tokens in each sample (Table 1). Across samples
of increasing tokens, the speech corpus contains the lowest type-
token ratios, followed by media. The book corpus had higher
type-token ratios than the other two unimodal corpora, but
the pseudo-multimodal corpus contains the highest type-token
ratios.

3.2 Correlations of Frequency and Local Lexical
Diversity Within and BetweenModalities

Results of Pearson’s correlation of input frequency (Zipf), con-
nectivity (window size = 11), CD, and SD of common words
are depicted in Figure 4. The highest correlations within the
corpus were observed between frequency and CD, followed
by correlations between frequency and connectivity, and then
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TABLE 1 Means and standard deviations (in parentheses) of frequency and lexical diversity metrics across modality.

Speech Print Media Pseudo-multimodal

N of word typea 15,931 (13.6) 41,741 (31.1) 36,103 (25.9) 62,201 (51.1)
Input frequency 3.70 (0.83) 4.11 (0.77) 3.97 (0.78) 4.08 (0.71)
CD 0.77 (0.78) 1.21 (0.73) 1.07 (0.76) 1.16 (0.68)
SD 1.30 (0.34) 1.55 (0.28) 1.53 (0.31) 1.48 (0.26)
Connectivity (window size = 11) 84.8 (208) 203 (326) 153 (287) 302 (411)

aNumber of unique word types in the 1,550,000-word-token samples.
Abbreviations: CD, contextual diversity; SD, semantic diversity.

FIGURE 4 Pearson’s correlation coefficients among frequency and lexical diversity metrics.
Note: All ps < 0.001. Correlations among frequency, connectivity, and CD were computed on 8631 common words. Correlations among SD metrics and between
SD and other metrics were computed on 2207 common words. CD indicates contextual diversity; SD, semantic diversity.

between connectivity and CD. SD exhibited the least strong
correlations with other diversity metrics. Results for connectivity
computedwithwindow sizes of 5 and 7 are reported in Supporting
Materials.

3.3 Local Lexical Diversity Across Modalities

Distributions of input frequency and local lexical diversity across
modalities are presented in Figure 5. Significant main effects of
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FIGURE 5 Distributions of input frequency and local lexical diversity across corpora.
Note: (a) input frequency, (b) logarithmic CD, (c) SD, and (d) connectivity computed from moving window sizes 5, 7, and 11. Dashed lines indicate the mean.
Frequency, connectivity and CD were computed for 8631 common words; SD was computed for 2207 common words. CD indicates contextual diversity; SD,
semantic diversity.

corpus were found across all measures (frequency: F (3, 34,520)=
512.7, p< 0.001, ηp2 = 0.05; CD: F (3, 34,520)= 609.7, p< 0.001, ηp2
= 05; SD: F (3, 8824) = 319.9, p < 0.001, ηp2 = 0.10; connectivity: F
(3, 34,520) = 720.4, p < 0.001, ηp2 = 0.06). Paired Mann-Whitney
U tests revealed that for input frequency (Table 1, Figure 5a)
and CD (Table 1, Figure 5b), the print modality exhibited the
highest diversity, followed by multimodal, media, and speech
environments. In SD (Table 1, Figure 5c), while book provided
themost diversemeaningful variations for words,media followed
very closely. Multimodal environment came next and speech
environment was the least diverse. In contrast, the multimodal
corpus had the highest average connectivity, followed by book,
media, and speech (Table 1, Figure 5d). The adjusted alphawas set
at 0.008 to correct for multiple comparisons, which was used for
all following analyses comparing across modalities. All the above
pairwise comparisons were significant (ps < 0.001).

Paired Mann-Whitney U tests were also conducted on frequency
and CD for words by lexical categories. The results were largely
the same as those of lemmas for content words (nouns, verbs,
adjectives, and adverbs), numerals, and words classified as other:
book had the highest frequency and CD, followed bymultimodal,
media, and then speech environments (ps< 0.001). The exception
was that the difference between the media and multimodal
corpora was not significant for adverbs (frequency: p= 0.024; CD:
p = 0.200) or numerals (frequency: p = 0.450; CD: p = 0.930).
Pronouns did not differ significantly in frequency or CD across
modalities (ps > 0.008). Interjections had the highest frequency
and CD in the multimodal environment, which differed signif-
icantly from speech and book (ps < 0.001) but not the media

corpus (frequency: p = 0.172; CD: p = 0.383). Frequency and CD
of interjections in the media input were also significantly higher
than in the book (p < 0.001) but not in the speech environments
(p = 0.032) (see Figure 6).

3.4 Impacts of Input Frequency and Lexical
Diversity on Lexical Development

All word-specific diversity metrics significantly predicted objec-
tive AoA. Speech measures explained the largest variance,
followed bymultimodal metrics, while book andmediameasures
contributed similar explanations (Figure 7). Model comparison
resulted in similar results. The model with speech CD had the
lowest AIC among all the simple regression models, followed
by speech frequency and then multimodal CD. Crucially, across
all measures, higher diversity was always associated with earlier
AoA.

3.5 Lexical Diversity and Its Impact Across
Development

The effect of developmental stage on frequency and lexical diver-
sity was significant for the three diversity metrics (frequency:
F (2, 1432) = 161.27, p < 0.001, ηp2 = 0.18; CD: F (2, 1432) =
174.73, p < 0.001, ηp2 = 0.20; connectivity: F (2, 1432) = 124.32, p
< 0.001, ηp2 = 0.15, Figure 8a), suggesting a general decreasing
trend. Simple regression models were also run with frequency
and each diversity metric predicted words’ AoA by time bins
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FIGURE 6 Distributions of frequency and CD of common words by lexical category.
Note: The common words included 4147 nouns, 3320 lexical verbs, 722 adjectives, 606 adverbs, 77 pronouns, 103 number words, 170 interjections, and 791 other
words. CD indicates contextual diversity.

(Figure 8b). For words acquired before age 4, speech diversity
explained the largest variance (>20%), followed by multimodal
and then book diversity. For words acquired between the ages
of 4 and 7, speech diversity measures were still the strongest
predictors, but the variances explained decreased to around
10%–15%. Variances explained by book and media diversity are
reduced to lesser degrees for these mid-acquired words. In
contrast, lexical diversity contributed much less to word learning
after age 7, when none of the speech diversity measures was
significant in predicting AoA, while CD of the other modalities,
book frequency, and multimodal frequency remained significant
predictors.

3.6 Relative Importance of Diversity Measures
on Lexical Development

In contrast to the simple regression analyses, we additionally
ran random forest regressions to assess the relative importance

of frequency and each diversity metric across modalities in
predicting lexical development (Figure 9a). Speech diversity was
the strongest predictor of objective AoA, with all measures
in the speech modality having significant influences and their
contributions ranked the most important. Book diversity was the
least important and none of the metrics were significant.

This pattern held for words acquired in early childhood
(Figure 9b). Words’ connectivity in the speech modality had
the highest impact not only for words acquired early but also
for words acquired during the transition from early to middle
childhood (i.e., between 4 and 7 years old). For the mid-acquired
words (Figure 9c), multimodal frequency ranked as the second
most important predictor, although its impact did not reach sig-
nificance. In contrast, for words acquired after 7, the influence of
speech diversity was no longer as profound, whereas multimodal
CD had the strongest influence and was the only significant
predictor (Figure 9d).

10 of 16 Developmental Science, 2025
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FIGURE 7 Results of simple regression models with frequency, CD, and connectivity separately predicting words’ AoA.
Note: Horizontal panel: input modality; vertical panel: lexical measures (predictors). Lower AIC indicates better model fit. CD indicates contextual diversity.

FIGURE 8 Lexical diversity and their impacts on AoA by developmental time bins.
Note: (a) input frequency, CD, and connectivity of early- (AoA ≤ 4, N = 120); mid- (4 < AoA ≤ 7, N = 113); and late-acquired (AoA > 7, N = 128) words. (b)
R-squared values of regression models with each diversity metric predicting words’ AoA by developmental stage. *p < 0.05, **p < 0.01, and ***p < 0.0. CD
indicates contextual diversity.
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FIGURE 9 Results of random forest regressions with lexical diversity metrics predicting AoA.
Note: %IncMSE: percentage increase in mean squared error. Larger %IncMSE indicates greater importance. *p < 0.05 and **p < 0.01.

4 Discussion

The transition from early to middle childhood marks a crucial
period characterized by exposure to diverse and multimodal
language inputs. Our study reveals variations in the quality of
language input across children’s speech, print, and media lan-
guage environments and their impacts on lexical development,
which were compared with a pseudo-multimodal environment
we compiled by combining the three input modalities. The
pseudo-multimodal and the print environments demonstrated
the highest global and local lexical diversity. Speech input, despite
its lower diversity, significantly predicted lexical development.
Our exploratory analysis showed that speech diversity was a
robust predictor of word learning, particularly before the onset
of middle childhood, after which other modalities exert increased
influences. A crucial finding is the consistent association between
higher lexical diversity and earlier word acquisition, underscor-
ing the facilitative role of diverse linguistic exposure in lexical
development.

The findings contribute to understanding how language input
acrossmodalities differentially influences language development.
We extend previous research (Dawson et al. 2021; Montag, Jones,
and Smith 2015) by suggesting that picture books not only contain
a richer array of unique word types but also offer greater local
lexical diversity, potentially facilitating lexical learning through
words’ broad connections with other words, varied contextual
use andmeanings. We also present novel evidence that children’s
animatedmedia provide a lexically diverse experience, surpassing

speech in overall diversity and featuring the highest diversity
for interjections, which are pivotal in conversational turn-taking.
This finding contributes to the ongoing debate on the impact of
media exposure on child development (Jing et al. 2023; Madigan
et al. 2019). The discrepancy may stem from the differential
impacts of screen media on language versus other physical and
cognitive development. Our findings suggest that child-targeted
TV series and movies provide a lexical experience similar to print
language while retaining conversational speech properties, like
varied interjections. Additionally, interactingwith screens has the
potential to facilitate building links betweenwhat children see on
the screen and their real-life experiences (Lauricella et al. 2010),
thus enhancing the development of pragmatic language use.
Nonetheless, it remains unknown whether watching or hearing
languagewith high interactivity on screen (e.g., varied presence of
interjections) could compensate for the lack of actual interactions
that is otherwise abundant in real-world language interactions.
Given the evidence for the facilitative effects of interactivity in
child-directed speech on language development (Donnelly and
Kidd 2021; Ramírez, Lytle, and Kuhl 2020), similar effects may
occur with media language, highlighting critical questions for
future research.

As noted, our method for creating the pseudo-multimodal corpus
involved randomly drawing samples from the speech, media, and
print corpora. The extent to which this sample approximates a
true multimodal environment has not been validated. Therefore,
findings related to the pseudo-multimodal corpus should be inter-
pretedwith caution.Despite its limitations, this approach allowed
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us to begin exploring lexical properties that may be present in a
multimodal language environment. The high lexical diversity in
the pseudo-multimodal condition implicates a potential benefit
of multimodal input on lexical development, particularly in later
stages. A combination of multiple sources of language input may
mitigate the limited lexical diversity imposed by the homogeneity
often inherent in single modalities. Furthermore, diversity of the
input modality per se might introduce additional benefits.

The results thus underscore the value of a language environment
that integrates varied modalities. Children’s learning environ-
ment is inherently multimodal, not only in terms of the language
input but also in the information they obtain through daily
interactions that contribute to physical, language, and cognitive
development. Recent research has utilized multimodal data to
model individual infant’s word learning (Roy et al. 2015; Vong
et al. 2024). These models’ success points directly to the neces-
sity of considering multimodal sources that jointly influence
language learning. However, such data from older children is
currently lacking. Future studies could examine the effects of
different input modalities by collecting longitudinal data on
individual children’s exposure. This would enable validation
of the pseudo-multimodal approach and provide insight into
how individual variation in multimodal input influences lexical
development. Ongoing projects, such as the multimodal child-
directed data project in our lab and Princeton’s 1KD project,
aim to collect child-centric data for modeling child develop-
ment in real-world contexts. These initiatives are expected to
enhance our understanding of how language, sensory, social, and
environmental contacts interplay to shape language growth.

Our findings also contribute to addressing the debate over
whether diversity facilitates or hinders language learning. Con-
sistent with prior research (e.g., Alhama, Rowland, and Kidd
2023; Chang and Deák 2020; Goodman, Dale, and Li 2008; Hills
2013; Hills et al. 2010; Jones and Rowland 2017), we showed that
high diversity in the lexical environment facilitates word learning
beyond early childhood. This pattern was consistent across all
metrics (input frequency, connectivity, and CD) and modalities.
Studies reporting that diversity hinders word learning (Roy et al.
2015; Unger et al. 2024) have focused on toddlerhood (before 2.5
years), whereas our study examined a broader age range from
early to beyond middle childhood (2.4–11 years). Our findings
also add to a line of studies on the role of lexical diversity in
writtenword acquisition in school-age children and adults, which
have consistently shown facilitative effects (Hsiao and Nation
2018; Jones, Dye, and Johns 2017; Mak et al. 2021). This difference
in age focus may explain the discrepant results. In an extensive
review on the relationship between diversity and learning, Raviv,
Lupyan, and Green (2022) hypothesized that high diversity
makes learning difficult when learners are in the early stages
of acquiring a target behavior; once a learner has surpassed the
“novice” phase, high diversity would start to facilitate learning.
This is, the impact of diversity likely changes with development.
Early on, variability is detrimental to establishing a word’s
discriminative identity when young children are still acquiring
word knowledge from scratch. As children’s lexical knowledge
matures, more variable learning contexts could lead to a broader
coverage of the true environmental variation in words’ usage,
which accommodates future generalizations. Another potential
drive for the change is that as children grow from infancy into

middle childhood, the types of words they learn and the nature of
words’ variations are also changing. Importantly, this happens in
tandem with their language and cognitive development, which
might also make some word meanings more accessible than
others.

It is worth mentioning that our analysis was limited to concrete
nouns due to the limited availability of existing AoA data, while
the impact of lexical diversity, as well as input frequency, on early
lexical development, likely varies across word types. For example,
the correlation between AoA and the input frequency of common
nouns is higher than that between AoA and verbs, adjectives, or
closed-class words in toddlerhood (Goodman, Dale, and Li 2008).
Similarly, connectivity is more closely related to AoA for nouns
than for verbs and other word classes (Alhama, Rowland, and
Kidd 2023; Flores,Montag, andWillits 2023; Hills et al. 2010). Our
study cannot determine whether the pattern of the relationship
between lexical diversity and AoA generalizes to other word
types. The acquisition of nouns, particularly concrete nouns with
high imageability, is influenced by children’s interactions with
their surroundings, where the referents of the lexical items are
perceivable. It is possible that not only the diversity of linguistic
experience with words contributes to word learning, but also the
diversified physical interactions further scaffold the formation of
word-referent links. This is less applicable for other word types
and low-imageability nouns. In comparison, the acquisition of
other word classes might rely more on different types of diversity.
For example, the diversity of syntactic frames in which verbs
occur particularly predicts their order of acquisition, indicating a
syntactic bootstrapping mechanism by which children use struc-
tural information in language to learn new words (Naigles and
Hoff-Ginsberg 1998). Recent research also found that measures
accounting for children’s prior knowledge by computing the
connectivity of a word within children’s vocabulary relative to
its overall connectivity provide a better fit to word learning for
word types other than nouns (Flores, Montag, and Willits 2023).
Future work should pursue how other lexical properties, such as
word types and imageability/concreteness, modulate the impact
of lexical diversity to better understand themechanisms bywhich
lexical experiences influence language development.

Our exploratory analysis revealed two developmental trends.
First, the influence of input modalities on lexical learning
changes as children grow. Diversity in the speech environment
most strongly facilitated lexical learning, particularly in the early
stages. However, its impact decreased, and other modalities
became more prominent from middle childhood onward. This
shift mirrors the transition in children’s language exposure from
being dominated by daily speech to a broader engagement with
various forms of language input.

Although speech provided the least diversified lexical environ-
ment compared to other modalities, it is still most relevant
to early language development. This may be because spoken
language is often embedded in rich, interactive contexts, which
helps children form strong associations between words and their
referents, scaffolded by caregivers’ interactive feedback. Such
contextual grounding and interactive dynamics are crucial for
early word learning, particularly for nouns, and may compensate
for the lower lexical diversity in speech in the early years
(Pexman 2019). As children’s linguistic and cognitive capabilities
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develop, they are likely better equipped to benefit from the
increased lexical diversity present in other input modalities,
which might further enrich their lexical knowledge and support
the acquisition of more complex and abstract words. Another
possible explanation4 for the finding is the different timeframes of
the corpora. Although themedia and book corporawere collected
recently, both the speech corpus and the AoA data are over
a decade old. This similarity in timing may account for why
speechmeasures alignmore closely withAoA data. Although this
possibility cannot be entirely ruled out, we note that thematerials
in the book and media corpora cover a broad timeframe, with
some items published more than 10 years ago. Future research
could improve comparability across modalities by using updated
spoken language corpora that reflect contemporary language
input.

The second developmental trend is that children’s early word
acquisition is closely tied to words’ immediate linguistic contexts,
shifting toward larger contextual windows to which children
attend. During the early years, connectivity, which is based on
words’ co-occurrences within a window of a dozen words, was
the primary predictor of words’ AoA. A recent computational
simulation with Skip-gram models has also found that the effect
of semantic neighbors obtained with a window size of one word
best predicted AoA in toddlers (Alhama, Rowland, and Kidd
2023). Conversely, in later stages, the most significant predictor
of word learning was CD, computed with a much larger window
size. These findings broadly indicate increasing memory and
attention span characteristics of developing children (Elman
1993), which allows children to leverage a larger context for
learning. It is important to note that the exploratory nature of
our analysis and the potential limitations due to a restricted
range of word items in each developmental phase means that
the conclusions require cautious interpretation. There is a need
for more robust, well-powered studies to confirm the findings
and to fully understand the evolving relationship between lexical
diversity and lexical development across childhood.

Finally, this study offers a unique contribution by exploring the
lexical environment of non-English-speaking children exposed
to the native Chinese language. The findings regarding lexical
diversity and the impacts on lexical development align largely
with previous results in English contexts, implicating universal
patterns in lexical growth. However, there are known language-
/cultural-specific distinctions in lexical diversity in children’s
language input, which may affect children’s linguistic and cog-
nitive development in unique ways. For instance, differences in
the frequency and types of words in child-directed speech, such
as a greater emphasis on verbs compared to nouns in Chinese
than in English (Liu, Zhao, and Li 2008), could influence the
acquisition trajectory of varying word classes. Extending this line
of inquiry across different languages could further clarify the
generalizability of our findings and enhance our understanding
of language-specific developmental processes.

Although our study emphasizes the importance of multimodal
lexical diversity in lexical development, it does not establish
causality. Our analyses are based on child-directed corpora
reflecting a snapshot of the average language environment but
do not account for individual child-level factors or non-linguistic
influences. Future research should incorporate child-centric

data and computational modeling to delineate the relationship
between lexical diversity in multimodal and unimodal environ-
ments and lexical development. We provide an initial exploration
of the language environment of children moving from early to
middle childhood from a cross-modal perspective and encourage
future research to extend this line of inquiry across different
languages to determine the generalizability of the findings.
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Endnotes
1Other terms have been used to refer to what we call connectivity here,
such as contextual diversity (Hills et al. 2010) and degree (Unger et al.
2024). To differentiate, we use connectivity to refer towords’ connections
with other words and contextual diversity to refer to words’ variability
in larger textual windows/documents.

2Again, other terms have been used to indicate contextual diversity, such
as document diversity (Flores, Montag, and Willits 2023). Acknowledg-
ing the disagreement in term use, we use contextual diversity to refer to
words’ variability in documents.

3The G2 subcorpus of CCLOWW is a collection of picture books, Grades
1 and 2 textbooks and extracurricular books recommended for children
under Grade 2. It comprises 1,554,243word tokens and 37,516 word types.

4We thank an anonymous reviewer for suggesting this potential explana-
tion.
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