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Abstract

With development knowledge becomes organized according to semantic links,
including early-developing associative (e.g., juicy—apple) and gradually developing
taxonomic links (e.g., apple—pear). Word co-occurrence regularities may foster
these links: Associative links may form from direct co-occurrence (e.g., juicy—
apple), and taxonomic links from shared co-occurrence (e.g., apple and pear
co-occur with juicy). Four experiments (2017-2020) investigated this possibility
with 4- to 8-year-olds (V = 148, 82 female) and adults (V = 116, 35 female) in a
U.S. city with 58.6% White; 29.0% Black, and 5.8% Asian demographics. Results
revealed earlier development of the abilities to form direct (ds>0.536) than the
abilities to form shared co-occurrence-based links (ds>1.291). We argue that the
asynchronous development of abilities to form co-occurrence-based links may

explain developmental changes in semantic organization.

Our knowledge about the world is not simply a repository
of stored information. Instead, it functions as a semantically
organized network, in which concepts, denoted by words,
are linked by semantic relations (Cree & Armstrong, 2012;
Jones et al., 2015; McClelland & Rogers, 2003). It is diffi-
cult to overestimate the importance of semantic orga-
nization of human knowledge, as it supports a myriad of
cognitive functions. For example, semantic links between
hiking, tent, backpack, and boots can help us discuss,
retrieve knowledge about, and plan what to bring on a hiking
trip, even if we have never hiked before. In language alone,
semantic links play many roles. For example, semantic links
between apple, eat and juicy can support anticipating that
the utterance “I went to the orchard to pick some ripe, juicy
... 1s likely to be completed with “apple” or inferring that
“I'd like a ripe, juicy apple” refers to a desire to eat an apple,
even though eating was never mentioned.

It is hardly controversial that semantic knowledge be-
comes organized with development, and that experiences

acquired during development are important for driving
this process (Coley, 2012; Gobbo & Chi, 1986; Unger &
Fisher, 2019; Vales et al., 2020). What remains less clear
is what aspects of experience drive the development of
semantic organization, and Aow.

Here, we first provide an overview of the develop-
ment of semantic organization. We then outline a po-
tentially powerful candidate driver of this development:
Statistical regularities of word use in language that can
in principle foster semantic links between concepts de-
noted by words. Although the presence of these regu-
larities has been noted for decades (e.g., Harris, 1954;
Landauer & Dumais, 1997; Lewis et al., 2019; Lund &
Burgess, 1996; Miller & Charles, 1991), surprisingly little
is known about how they may contribute to the devel-
opment of semantic organization. Critically, we do not
know whether (1) the mere accumulation of exposure to
these regularities is enough to foster the development of
semantic links or (2) this exposure fosters semantic links
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only in conjunction with the maturation of abilities to
form semantic links from exposure. We therefore present
four experiments investigating whether abilities to form
semantic links from such regularities undergo develop-
ment, and how this development may help explain devel-
opmental changes in semantic organization.

Two critical types of semantic links:
Associative and taxonomic

Semantic knowledge refers to our general knowledge
about the world. For example, it includes everything we
know about apples, juiciness, hiking, and ghosts, includ-
ing their properties, the words denoting these concepts,
and the semantic links that connect these to other con-
cepts in our memory (Jones et al., 2015; McClelland &
Rogers, 2003). Two critical types of semantic links that
organize human semantic knowledge are associative and
taxonomic links.

There is extensive evidence that semantic organi-
zation is shaped by associative semantic links (also re-
ferred to as thematic) from early development onward.
Associative links, such as those linking apple, eat and
Jjuicy, connect concepts whose labels or real-world coun-
terparts are often experienced together (Blaye et al., 2006;
Fenson et al., 1989; Lin & Murphy, 2001; Unger, Savic,
et al., 2020). Associative links play a key role in semantic
organization and the intelligent processes that depend
on it throughout development. For example, associa-
tive links support language comprehension as they con-
strain the set of candidate words that are likely to be
combined to form meaningful sentences (e.g., the word
apple is understood faster when preceded by juicy than
Sfluffy; Arnon & Snider, 2010; Kutas & Federmeier, 2000;
McDonald & Shillcock, 2003). Moreover, associative
links can also support word learning. For example, the
associative link between apple and juicy can support
inferring that mipp is a fruit upon hearing “juicy mipp”
(Sloutsky et al., 2017). These and other contributions of
associative links to semantic organization emerge early
in development (e.g., Blaye et al., 2006; Fenson et al., 1989;
Sloutsky et al., 2017; Unger, Savic, et al., 2020), and per-
sist into adulthood (e.g., Kutas & Federmeier, 2000; Lin
& Murphy, 2001).

Associative links are often contrasted with taxonomic
links, which connect concepts that are similar in mean-
ing and denote members of the same stable semantic
category, such as fruits, mammals, or furniture. For ex-
ample, apple and pear are taxonomically related because
they belong to the category of fruits, and thus share
many stable properties, such as having seeds or contain-
ing sugars. Like associative links, taxonomic links are
fundamental to semantic organization. In particular,
they support a central facet of human intelligent behav-
ior: The ability to generalize knowledge from known to
novel. For example, upon learning that apples are rich in
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vitamins, people can generalize this knowledge to pears
and other fruits (Lopez et al., 1992; Osherson et al., 1990;
Sloutsky, 2010). Similarly, because taxonomic links
connect words similar in meaning, they can allow us to
learn that the word dax may refer to a fruit from “That
jam was made from apples, pears, and daxes” (Sloutsky
et al., 2017). In contrast to the associative links that may
emerge early in childhood, typically before the age of four
(Fenson et al., 1989; Inhelder & Piaget, 1964; Lucariello
et al., 1992), taxonomic links emerge more gradually
over semantic development, and are typically not robust
before the age of six (Blaye et al., 2006; Fisher, 2011;
Gentner & Namy, 1999; Lucariello et al., 1992; Unger,
Savic, et al., 2020).

Where do associative and taxonomic links come
from?

Characterizing the links that organize semantic knowl-
edge and when they emerge in development is informa-
tive, but insufficient for a complete understanding of row
semantic organization develops. Instead, it is critical to
understand what drives the formation of these semantic
links. Traditionally, due to their different developmen-
tal trajectories, the origins of associative and taxonomic
links have been treated as entirely separate.

Associative links are typically assumed to come
from observing labels or real-world referents of con-
cepts reliably occurring together in the environment
(McNeill, 1963). Because of this presumed origin, they
have often been dismissed as non-semantic in nature
(Inhelder & Piaget, 1964; Lucas, 2000). Thus, theoretical
accounts of semantic development have either overlooked
associative links (e.g., McClelland & Rogers, 2003), or
treated them as an immature facet of semantic orga-
nization that becomes overwritten with development
(Inhelder & Piaget, 1964; Lucariello & Nelson, 1985).

In contrast with associative links, many accounts
of the development of semantic organization focus on
taxonomic links. A widely adopted and substantially
supported perspective is that these links can form by de-
tecting the regularity with which members of taxonomic
categories share similar features or perform similar func-
tions (McClelland & Rogers, 2003; Quinn & Eimas, 1997;
Rosch et al., 1976; Sloutsky, 2010). For example, robin
and canary may become linked as they are both observed
to have wings, feathers, and fly. According to this per-
spective, taxonomic links develop with the accumulation
of information about the shared features and functions
of concepts (e.g., McClelland & Rogers, 2003), and a ma-
turing ability to optimize learning when concepts share
only a few, taxonomic category-relevant features or func-
tions (Sloutsky, 2010).

Together, previous theoretical and empirical work has
made substantial inroads into understanding the drivers
of the development of semantic organization. However,
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as we argue below, much of previous research substan-
tially underappreciated the role of associative links in
the development of semantic organization, and their
potential contribution to taxonomic links. In the follow-
ing section, we review an alternative theoretical account
that offers a coherent, parsimonious explanation of the
development of both associative and taxonomic links.
We refer to this proposal as the Co-Occurrence Account
(Sloutsky et al., 2017). This account is not intended to
be exclusive of other accounts of the development of se-
mantic organization: Both the input highlighted by the
Co-Occurrence account and observable features may
contribute to semantic organization. However, in contrast
to prior accounts, the Co-Occurrence Account assumes
that early-emerging associative links form a foundation
for building taxonomic knowledge. According to this
account, ubiquitous co-occurrence statistics of word use
in language foster associative links that in turn may fos-
ter the emergence of taxonomic links. Finally (and criti-
cally), this account offers testable predictions about the
developmental trajectory of semantic organization.

A key role for co-occurrence regularities in the
development of semantic organization

Words tend to co-occur in language in predictable ways.
For example, apple and pear reliably co-occur with
Jjuicy, whereas happy and sad reliably co-occur with feel.
Critically, these reliable co-occurrences go beyond mere
frequency of co-occurrence. Many words frequently co-
occur simply because at least one of them is a highly
frequent word (e.g., “an apple”, “is happy”). Instead, the
reliable word co-occurrences consist of interdependen-
cies between words, in which the probability of encoun-
tering one word is in part dependent upon encountering
another, above and beyond their respective frequencies.
Here, we consider how concepts, denoted by words, may
become semantically organized from exposure to these
simple regularities of words use.

According to the Co-Occurrence account, reliable
co-occurrence regularities can foster associative (or
syntagmatic) links between concepts whose labels di-
rectly co-occur, such as juicy—apple and juicy—pear
(Figure 1). Critically, sensitivity to co-occurrence

“I bought some really juicy apples.”

\ direct 4

associative

“Would you like a nice, juicy pear?” «

\ direct 4

associative

FIGURE 1

regularities can also support taxonomic (or paradig-
matic) links between concepts similar in meaning, such
as apple and pear, even when words for such concepts do
not directly co-occur. Instead, words for concepts simi-
lar in meaning tend to share each other's patterns of di-
rect co-occurrence with other words, such as juicy or eat
(Ervin, 1961; Harris, 1954; Hofmann et al., 2018; Miller
& Charles, 1991). Thus, reliable word co-occurrence
can foster both associative and taxonomic links. The
Co-Occurrence account offers two candidate explana-
tions of how these regularities may drive the typical de-
velopmental trajectory in which associative links emerge
early and are gradually supplemented by taxonomic links,
the Experience and Experience-plus-maturation accounts.

Experience account

One possibility is that developmental changes in seman-
tic organization may be driven by the mere accumulation
of exposure to co-occurrence regularities. According to
this account, developmental changes in semantic or-
ganization occur as accumulation of experience initially
fosters associative links based on direct co-occurrence,
which then foster taxonomic links based on shared co-
occurrence (Ervin, 1961; McNeill, 1963, 1966). This
account assumes that abilities to form links based on
direct co-occurrence mature early, probably in infancy.
Moreover, it assumes that robust direct co-occurrence
links are sufficient for the formation of shared co-
occurrence links (e.g., McNeill, 1963). This assumption
is a key characteristic of models that capture human
semantic organization based on word co-occurrence in
language (Hofmann et al., 2018; Jones & Mewhort, 2007;
Landauer & Dumais, 1997; Lund & Burgess, 1996;
Mikolov et al., 2013), some models of the formation of co-
occurrence-based memories (Schapiro et al., 2017), and
proposals that identify these models as potential models
of human semantic development (Sloutsky et al., 2017).
There are two strong arguments for the plausibility of
this proposal. First, extensive evidence attests that co-
occurrence regularities that can foster semantic links
are abundant in language (Hofmann et al., 2018; Jones
& Mewhort, 2007; Landauer & Dumais, 1997; Lund &
Burgess, 1996; Mikolov et al., 2013), including input to
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Direct and Shared co-occurrence regularities in language that can form associative and taxonomic links
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young children (Asr et al., 2016; Fourtassi, 2020; Huebner
& Willits, 2018). Second, even infants show sensitivity to
co-occurrence regularities in a variety of domains (e.g.,
Kirkham et al., 2002; Saffran et al., 1996, 1999), including
to direct co-occurrences of words in language (Wojcik &
Saffran, 2015).

Experience-plus-maturation account

Although the Experience account is plausible, exposure
to co-occurrence regularities alone may not be sufficient
to explain the development of semantic organization.
Instead, abilities to learn semantic links from exposure
to co-occurrence regularities may also undergo de-
velopment. According to this perspective, the same
exposure will contribute differently to the formation of
semantic links across development. For example, abili-
ties to form links based on direct co-occurrence may
improve with development (Arciuli & Simpson, 2011;
Raviv & Arnon, 2018; Shufaniya & Arnon, 2018). Like
the Experience account, this possibility would explain
the development of associative before taxonomic links
because links based on direct co-occurrence are a nec-
essary precursor for forming links based on shared
co-occurrence. Alternatively, the formation of links
based on direct co-occurrence may be necessary but
insufficient for the formation of links based on shared
co-occurrence: Instead, abilities to form links based
on shared co-occurrence may themselves develop
(Bauer & San Souci, 2010; Miller-Goldwater et al., 2021;
Schlichting et al., 2017, 2021).

Present study

The present study tested the core proposal of the Co-
Occurrence account that exposure to co-occurrence
regularities in language can foster associative and taxo-
nomic links in semantic development. We investigated
the contributions of word co-occurrence regularities
across ages that capture substantial changes in semantic
organization (adults vs. 4-year-olds in Experiments 1-3,
and adults vs. 5- to 6-year-olds and 7- to 8-year-olds in
Experiment 4).

The present study was further designed to disentangle
two ways in which exposure to co-occurrence regulari-
ties may explain the typical developmental trajectory of
semantic organization in which associative links emerge
early and are gradually supplemented by taxonomic
links. First, mere exposure to co-occurrence regularities
may be sufficient to foster both direct and shared co-
occurrence links throughout development (Experience
account). Alternatively, exposure to co-occurrence reg-
ularities may only foster links in conjunction with matu-
ration of abilities to form links based on co-occurrence
(Experience-plus-maturation account). To disentangle
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these possibilities, we presented children and adults
with training sentences rich in direct and shared co-
occurrence regularities that could foster new semantic
links between familiar and novel words (Figure 2). Two
critical aspects of this design are that (1) children and
adults were given the same amount of exposure to co-
occurrence regularities, and (2) the new semantic links
could be formed solely from the co-occurrence regulari-
ties. Given these experimental constrains, the Experience
account predicts similar performance in children and
adults, whereas the Experience-plus-maturation account
predicts developmental differences due to the matura-
tion of abilities to form links based on co-occurrence.

Guided by these theoretical assumptions, we con-
ducted two sets of analyses that tested (a) developmen-
tal differences in abilities to form links based on direct
and shared co-occurrence (Experiments 1-4) and (b)
the interdependence of development of these abilities
(Experiments 2-4). Given that these analyses tested
theoretical assumptions, they are both confirmatory in
nature.

We assessed participants' formation of new semantic
links in two tasks: Sentence completion and Label ex-
tension. Following the logic of free association tasks,
the Sentence completion task presented participants
with stem sentences that contained a cue word from
training and assessed whether participants completed
these sentences using another word that either directly
co-occurred or shared co-occurrence with the cue word.
The Label extension task used a variant of a word learn-
ing task to assess the formation of new semantic links
between familiar (e.g., apple) and novel words (e.g., mipp).
Specifically, we assessed whether participants labeled
pictures of familiar words (e.g., apples) and items from
the same semantic category (e.g., fruits) using the novel
words with which familiar words directly co-occurred
or shared co-occurrence. Thus, accurate performance
on both tasks could only be achieved by forming new
semantic links based on the reliable co-occurrences of
words during training.

EXPERIMENT 1

To measure the contributions of co-occurrence regu-
larities to the formation of semantic links across devel-
opment, young learners (4-year-olds) and adults heard
sentences in which pseudowords directly co-occurred
or shared co-occurrence with familiar words. For exam-
ple, as illustrated in Figure 2, the pseudoword foobly and
familiar word apple could become linked because they
reliably directly co-occurred in the same sentences (i.e.,
foobly reliably preceded apple). In addition, the pseudow-
ord mipp and familiar word apple could become linked
because they shared each other's direct co-occurrence
with same word, foobly, across different sentences. To en-
sure that links could only form based on co-occurrence
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FIGURE 2 Examples of training sentences (panel a) and illustration of the two triads (panel b)

regularities, sentences provided no additional semantic
information from which the meanings of the novel words
could be derived (e.g., “Sally saw a foobly mipp”). More
specifically, although participants could use syntactic
cues to learn that pseudoadjectives (e.g., foobly) refer to
properties, and pseudonouns (e.g., mipp) refer to concrete
entities, this information did not signal which pseudoad-
jectives and pseudonouns reliably co-occurred. Following
training, we measured the formation of co-occurrence-
based links using two tasks—Sentence Completion and
Label Extension—described below.

The inclusion of pseudowords allowed us to exam-
ine the development of abilities to form novel seman-
tic links based only on co-occurrence regularities.
Moreover, the inclusion of familiar words allowed us to
test not only whether novel words became linked with
the specific familiar words they shared co-occurrence
within training (e.g., mipp-apple), but also to other
members of the category the familiar word belongs
to (e.g., mipp-banana). Evidence that links based on
shared co-occurrence can support such generalization
is critical because generalization is the key property
of taxonomic links that may be formed from shared
co-occurrence.

Method
Participants

Participants were thirty-two 4-year-olds (M,,. = 52.0
months, range 48.1-59.8 months, 16 female) and 28 adults
(Mage = 19.6years, range 18.0-26.3years, 19 female). The
sample size was determined based on power analyses
using the effect size from a pilot experiment that tested
developmental differences in the formation of shared
co-occurrence links using the Label Extension task. To
detect the effect size of d = 2.285 obtained in the pilot
experiment, with 80% power using a paired ¢-test with
alpha at .05, it would be sufficient to have a sample of
5 participants per age group. To account for the differ-
ences in design (i.e., additional test, shorter training), we
recruited a minimum of 30 participants per age group.
Two additional adult participants were excluded due to a
failure to follow the instructions.

In this and other experiments reported here, children
were recruited from preschools and childcare centers
located in middle-class suburbs of Columbus, Ohio.
Adult participants were The Ohio State University un-
dergraduate students. Children were recruited on the
basis of returned parental permission forms. They were
tested during their regular school hours in a quiet room
in their preschool or childcare center. Adults provided
informed consent and received course credit for partic-
ipation. They were tested in the laboratory on campus.

Given that children were recruited from preschools
and childcare centers, race and ethnicity information
was not possible to collect. In all reported experiments,
children were recruited from ethnically diverse suburban
locations (58.6% White; 29.0% Black or African
American; 6.2% Hispanic or Latino; 5.8% Asian; ac-
cording to U.S. Census Bureau, Population Estimates
Program; https://www.census.gov).

This study was approved by the Ohio State University
Institutional Review Board (Protocol Title: Comprehensive
protocol for cognitive development research, Protocol
Number: 2004B0422). Data for all four experiments
were collected between October 2017 and December
2020 (Experiments 1-2: October 2017-November 2018;
Experiment 3: September 2019—February 2020; Experiment
4: October 2020—December 2020).

Materials

The training stimuli were two triads of words (Triad 1:
foobly—apple—mipp; Triad 2: dodish—horse—geck).
Each triad consisted of a pseudoadjective (foobly or dod-
ish), a familiar noun (apple or horse), and a pseudonoun
(mipp or geck; see Figure 2). Within each triad, the pseu-
doadjective was paired with (a) the familiar noun and
(b) the novel pseudonoun. To ensure that pseudowords
did not evoke any meaning related to selected familiar
nouns, pseudowords were selected based on a norming
study (for details see Supporting Information).

Each of the four pairs of words (foobly apple; foobly
mipp; dodish horse; dodish geck) from the triads was
embedded in 10 unique sentence frames, for a total of
40 unique training sentences. To ensure that semantic
links formed between the words from the triads could
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be attributed only to exposure to co-occurrence reg-
ularities, sentences frames did not convey any cues to
pseudoword meaning. All the sentences were recorded
by a female speaker in a child friendly voice.

For the Sentence Completion task, we constructed 30
stem sentences (see Procedure and Figure 3). Stem sen-
tences, such as “Jimmy saw a foobly ...”, consisted of a
sentence frame (e.g., “Jimmy saw a”) followed by one of
the words from the Triads (i.e., “foobly”). For each of the
six words from the Triads, five unique sentence frames
were constructed.

The stimuli in the Label Extension task were the four
pseudowords from the Triads, 24 pictures of apples and
other fruits and 24 pictures of horses and other four-
legged mammals.

Procedure

The experiment had three parts: Training, Sentence
Completion, and Label Extension (Figure 3). The pro-
cedure was identical for children and adults, with the
exception that an experimenter-controlled stimulus pres-
entation and recorded responses for children, whereas
adults completed the experiment independently.

Training

Participants were told that they would hear “silly sto-
ries” told by a character, “Jimmy,” who sometimes uses
“silly words.” They heard two stories, each containing
the full set of 40 training sentences, while watching
child-friendly videos without narrative content.

Sentence completion

To assess the formation of new links between words
based on co-occurrence, we adapted a child-friendly
version of McNeill's (1963) free association paradigm. In
free association tasks, participants are given one word
as a cue, and respond with the first word that comes
to their minds. However, this is an unconstrained task
that children often struggle to understand (Wojcik &
Kandhadai, 2019). To be more comprehensible to chil-
dren, the Sentence Completion task presented partici-
pants with stem sentences that ended with a cue word
(i.e., one of the six words from the Triads), and partici-
pants were asked to complete the sentences with one of

Training: Listening

‘) “I didn’t find any foobly mipp
in Zimziland. | went out early to
look for dodish geck. One lady offered
a foobly apple. | said, thank you. She
offered a dodish horse , too...”

Sentence Completion

Complete the sentence .

Jimmy saw a foobly ...

CHILD DEVELOPMENT

“Jimmy's words” (Figure 3). If the stem sentence ended
with a pseudoadjective (e.g., foobly), participants could
rely on direct co-occurrence, and complete the sentence
with either the pseudonoun or the noun from the same
Triad. If the stem sentence ended with a pseudonoun or
a noun, participants could rely on either direct or shared
co-occurrence to complete the sentence. For example,
the stem sentence “Jimmy saw a mipp ____", could be
completed with either foobly (direct co-occurrence) or
apple (shared co-occurrence). Full instructions and stem
sentences are presented in Supporting Information.
Although production tasks of this sort have been
widely used to test existence of links between words
(Ervin, 1961; Nelson, 1977, Wojcik & Kandhadai, 2019)
they come with two weaknesses: (1) they measure only
participants' dominant responses, and (2) they can be
biased toward some types of responses. Thus, we sus-
pected that participants in the Sentence completion task
may primarily respond based on direct co-occurrence,
because (a) these regularities are easier to learn and may
therefore dominate responses, and (b) these responses
are more felicitous given that they respect the word order
of training sentences. Therefore, we designed the Label
Extension task to independently assess participants'
ability to form links based on shared co-occurrence.

Label extension

In this task, participants saw images of apples and horses
(i.e., the familiar words from the Triads) and other fruits
and mammals. Participants' task was to label these im-
ages using one of the two pseudonouns (i.e., mipp or geck),
that each shared co-occurrence with one of the familiar
nouns in Training sentences (see Figure 3). To perform
well on apple and horse trials, participants needed to use
the link between familiar and pseudonouns that could
be formed based on shared co-occurrence (apple—mipp,
horse—geck). On fruit and mammal trials, participants
need to generalize this link to label images of items
that are from the same taxonomic category as familiar
nouns (fruit (apple)—mipp; mammal (horse)—geck).
Thus, consistently labeling apples and other fruits with
the pseudoword mipp and horses and other mammals
with the pseudoword geck would indicate that a partici-
pant formed and generalized links based on shared co-
occurrence. There were 48 trials, including 12 apple and
horse trials and 36 fruit and mammal trials.

Label Extension

mipp or geck| mipp or geck

FIGURE 3 [Illustration of the experimental design used in Experiments 1-4
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Results

All analyses were conducted in the R environment for sta-
tistical computing (R Core Team, 2022). Analyses using
mixed effects logistic regression were conducted using the
Ime4 (Bates et al., 2015), ImerTest (Kuznetsova et al., 2017),
and afex (Singmann et al., 2022) packages. Data and anal-
ysis scripts are available at https://osf.io/6bvcq.

Sentence completion

Preliminary analyses

We first identified responses as “valid” (i.e., responses
that used words from Triads) or “invalid” (i.e., responses
with other words). Four-year-olds produced valid re-
sponses on 93.1% of all trials, whereas adults gave valid
responses on 77.0% of all trials. Adult invalid responses
primarily consisted of words from training that were
not from the Triads. Further analyses included valid
responses only. We additionally excluded word repeti-
tions (e.g., responding “foobly” to “foobly”) and multi-
ple word responses (e.g., responding “dodish mipp” to
“geck”). This resulted in a removal of 2.0% of adult and
4.8% of child responses.

Main analyses: Formation of direct and shared links
We first coded valid responses based on Congruence
(Congruent = same triad as the cue; Incongruent = dif-
ferent triad than the cue), and Type (Direct; Shared).
For each participant, we then calculated the proportions
of Congruent responses based on direct and shared co-
occurrence, corrected for guesses. Specifically, for each
cue (e.g., apple, Triad 1 noun) and response Type (e.g.,
Direct), we subtracted the proportion of Incongruent
(e.g., dodish, Triad 2 pseudoadjective) from the propor-
tion of Congruent responses (e.g., foobly, Triad 1 pseudo-
adjective). For example, when the cue word was apple, if
50% of a participant's Direct responses were Congruent
(i.e., foobly), and 50% were Incongruent (i.e., dodish), the
raw proportions of Congruent and Incongruent Direct
responses would each be .50, and the proportion cor-
rected for guessing would be 0. Corrected values thus
ranged from 0 (random guessing), to 1 (all responses
Congruent). For details, see Supporting Information.
Both age groups made Direct responses at rates above
the chance level of 0, one sample #-tests against chance,
ts>5.74, ps<.001, ds>1.01 (Figure 4). However, there
were significant developmental differences, #(58) = 4.44,
p<.001, d = 1.15. Adults produced higher proportions
of Direct responses than children (children: M = .19,
SD =.19; adults: M = 47, SD = .29).
The proportion of Shared responses was very low for
both age groups (children: M = .08, SD = .12; adults:
M =19, SD = .24), but significantly greater than chance
level of 0, both ts>4.01, ps<.001, ds>0.71. There were also
significant developmental improvements, #(58) = 2.30,

p=.025, d=0.594 (Figure S1). Note that the low rate of
Shared co-occurrence responses may be due to the fact
that Sentence Completion only measures dominant re-
sponses. Thus, any dominance of responding based on
direct co-occurrence (e.g., responding foobly to apple)
collaterally precludes responding based on shared co-
occurrence (e.g., responding mipp to apple), even if
shared co-occurrence links are formed. Therefore, the
Label Extension task was used as the primary assess-
ment of the links based on shared co-occurrence.

Label extension

The accuracy of five participants (all adults) was below
0.25, and thus well below chance. Because this perfor-
mance was uninterpretable, their data were excluded
from the further analyses. Importantly, the exclusion
of these participants did not change the results (see
Section S-5 and Figure S4 for the analyses and figures
which include the whole sample of participants).

We found striking developmental differences in ac-
curacy on the Label extension task (see Figure 4). We
analyzed participants' accuracy by fitting a mixed ef-
fects logistic regression with a fixed effect of Age (levels:
4-year-old and Adult) and random intercepts for partic-
ipants and stimuli. We settled on a model that included
only random intercepts given that this was the maximal
random effects structure that converged and did not result
in a singular fit. p-Values were computed using paramet-
ric bootstrap test. We followed this approach in all mixed
effects logistic regression analyses reported across the
four experiments. The model revealed a significant effect
of Age, 7*(1) = 60.23, p<.001, with adults outperforming
children. We followed up this analysis by testing whether
each Age group performed above chance. Whereas chil-
dren performed no different from the chance level of .50,
1(31) =0.90, p = 754, d = 0.158, adults were above chance,
1(22) =13.56, p<.001, d=2.827. Furthermore, only 5 out of
32 children (16%) had above chance accuracy (i.e., above
0.62 based on binomial distribution). In contrast, all but
one adult participant (96%) performed above chance.

Discussion

The results of Experiment 1 support the Co-Occurrence
account's proposal that children and adults form seman-
tic links based on exposure to co-occurrence regulari-
ties in language. Moreover, we found evidence that the
formation of both links based on direct and shared co-
occurrence improved with age, with particularly strik-
ing developmental differences in the formation of links
based on shared co-occurrence.

The results of Experiment | can shed light on the role
of experience and maturation in the development of se-
mantic organization. These results suggest that the more
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FIGURE 4 Proportion of responses based on Direct co-occurrence (Sentence Completion) and Shared co-occurrence (Label Extension) in
Experiments 1-2. Error bars show standard errors of means. Dashed lines depict chance (0 for Sentence Completion; 0.5 for Label Extension)

gradual development of taxonomic versus associative se-
mantic links cannot be explained by the accumulation of
experience alone. Given that children and adults were pre-
sented with the same amount of exposure, and yet differed
in the formation of novel semantic links, this pattern fa-
vors alternative hypotheses that posit that abilities to form
semantic links from co-occurrence undergo maturation.
The Introduction noted two maturational possibilities
that can explain the results of Experiment 1. The first

possibility is that only abilities to form links based on
direct co-occurrence improve with development (Arciuli
& Simpson, 2011; Raviv & Arnon, 2018; Shufaniya &
Arnon, 2018). According to this possibility, the forma-
tion of links based on direct co-occurrence collaterally
forms links based on shared co-occurrence (Ervin, 1961;
McNeill, 1963; Sloutsky et al., 2017). From this perspec-
tive, children were worse than adults at forming links
based on shared co-occurrence simply due to their weaker
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formation of links based on direct co-occurrence. The
second possibility is that the formation of links based on
direct co-occurrence may be necessary but insufficient
for the formation of links based on shared co-occurrence.
Instead, abilities to form links based on shared co-
occurrence may also undergo development (Bauer &
San Souci, 2010; Schlichting et al., 2017). According to
this possibility, children would be worse than adults at
forming links based on shared co-occurrence even if
they formed robust links based on direct co-occurrence.
Experiment 2 was designed to arbitrate between these
two maturational possibilities. Specifically, Experiment
2 was designed to strengthen children's formation of di-
rect co-occurrence links to levels similar to the strength
of these links in adults in Experiment 1. Experiment 2 ac-
complished this goal by tripling the amount of training.

EXPERIMENT 2
Method

Participants were twenty-six 4-year-old children (M, =
54.3 months, range 49.2-59.7 months, 16 female) ancig 32
adults (Mage = 18.9years, range 18.1-21.4years, 16 female),
who did not take part in Experiment 1. An additional six
children and three adults failed to complete the study.
Power analyses using the effect sizes of developmental dif-
ferences in Experiment 1 (ds>1.15) suggested that sample
size of 12 participants per age group would be sufficient
to detect the same effect sizes with 80% power (a = .05,
two-tail). Participants were trained using the same mate-
rials and procedures described for Experiment 1, with the
exception that the amount of training was tripled.

For 4-year-olds, the three training sessions were dis-
tributed over the course of 3days within 1 week. Children
performed the Sentence Completion task after training
on each day, and Label Extension on the third day. Adults
were trained and tested in the same order but completed
all parts within an hour visit to the laboratory.

Results
Sentence completion

Preliminary analyses

Following the same approach as in Experiment 1, we
first calculated the proportion of valid responses (i.e.,
responses using Triad words). Average rates of valid re-
sponses were 89.6%, in children and 90.3% in adults.

Main analyses: Formation of direct and shared links

As in Experiment 1, we first computed the proportions of
Direct and Shared responses corrected for guessing. To test
whether the increased training in Experiment 2 improved
the formation of direct co-occurrence links we performed

a two-way mixed ANOVA with Training block (within
subjects; one vs. two vs. three) and Age (between subjects;
4-year-olds vs. adults) as factors and Direct responses as
the dependent variable. The degrees of freedom for the
within-subjects comparisons were corrected for viola-
tion of sphericity (Greenhouse—Geisser). This analysis re-
vealed that increased training improved the proportions of
Direct responses in both age groups, F(2.98, 166.95) = 16.19,
p=<.001, 75, =.058 (Figure S1). In addition, adults performed
better than children, F(1, 56) = 7.55, p<.01, ng = .096. The
two factors did not significantly interact (p>.10).

In contrast, the same analysis applied to Shared re-
sponses revealed no significant effects (Figure S2). The
proportion of Shared responses in both children and
adults was overall low and did not improve with train-
ing (all ps>.05). As noted for Experiment I, the very low
overall rates of Shared responses may be a side-effect of
the fact that Sentence Completion assesses only partici-
pants' dominant responses.

We next compared Direct and Shared responses in
children and adults overall, collapsed across Training
blocks. As shown in Figure 5, both children and adults
demonstrated above-chance rates of Direct responses
(children: M = .53, SD = .23; adults: M = .73, SD = .30),
one sample 7s>11.66, ps<.001, ds>2.28, with adults out-
performing children, #(56) = 2.75, p<.01, d = 0.725. In the
same task, both children and adults showed very low,
but above-chance rates of Shared responses (children:
M= .05, SD = .07; adults: M =.05, SD = .07), one sample
ts>3.50, ps<.01, ds>0.70, with no significant age differ-
ences, #(56) = 0.18, p = .857, d = 0.047.

Label extension

Using the same criteria as in Experiment 1, we excluded
six adults (and no children) with accuracy below .25.
Replicating results of Experiment I, we found signifi-
cant developmental differences in the formation of links
based on shared co-occurrence. A mixed effects logistic
regression with a fixed effect of Age (levels: 4-year-old
and Adult) and random intercepts for participants and
stimuli, revealed a significant effect of Age, 2 (1)=33.97,
p<.001. The majority of adults (81%) and only 27% of
children performed above chance (15s>2.40, ps<.048).

Drivers of the formation of shared
co-occurrence links

The preceding analyses found developmental changes
in the formation of links based on direct and shared co-
occurrence, with the formation of shared co-occurrence
links lagging substantially behind the formation of direct
co-occurrence links. Here, we conducted an analysis to
distinguish between two maturational explanations of
these patterns: (1) The formation of links based on shared
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FIGURE 5 Proportion of responses based on Direct and Shared co-occurrence in the Label Extension task in Experiments 3—4. Error bars
show standard errors of means. Dashed lines depict chance performance of 0.5

co-occurrence may depend only on the robustness of direct
co-occurrence links, or (2) Robust direct co-occurrence
links may be necessary but insufficient to form links based
on shared co-occurrence, because the formation of these
links requires an additional ability that follows its own
maturational trajectory. Specifically, this analysis tested
whether the formation of shared co-occurrence links was
predicted only by direct co-occurrence links (measured
from Sentence Completion), or also by age.

Hierarchical regression analyses showed that the
strength of the direct co-occurrence links explained
a significant amount (34%) of variance in shared co-
occurrence-based responses in the Label Extension task,
F(1, 48) = 26.58, p<.00l. Importantly, introducing the
Age explained additional 27% of variance (change in R*:
F(1, 47) = 34.11, p<.001). This pattern provides evidence
that the formation of shared co-occurrence links de-
pends not only on the robustness of direct co-occurrence
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links, but also on its own maturational trajectory, as ev-
idenced by age effects.

Discussion

Replicating the results of Experiment 1, we found signifi-
cant developmental differences in the formation of links
from both direct and shared co-occurrence regularities.
Critically, although 4-year-olds formed strong direct co-
occurrence links with extensive training, the majority of
them nonetheless failed to form shared co-occurrence
links. In contrast, adults successfully formed links based
on both direct and shared co-occurrence. Moreover,
age predicted the formation of shared co-occurrence
links beyond the strength of direct co-occurrence links.
These results suggest that abilities to form links based
on direct and shared co-occurrence both undergo matu-
ration, with abilities to form links based on shared co-
occurrence maturing more slowly than abilities to form
links based on direct co-occurrence.

The role of maturation in abilities to form shared
co-occurrence links is further highlighted by a com-
parison between adults in Experiment 1 and children
in Experiment 2. Specifically, the strength of direct co-
occurrence links was equivalent in adults given short
training in Experiment 1 (M = .47, SD = .29) and chil-
dren given extensive training in Experiment 2 (M = .53,
SD =.23); 1(52) = 0.82, p = .418, d=0.222. Thus, even with
equally strong direct co-occurrence links, adults formed
shared co-occurrence links more successfully than chil-
dren, #(52) =2.89, p<.01, d=0.788.

However, it is critical to note an alternative inter-
pretation. Specifically, different tasks were used to as-
sess the formation of links based on direct and shared
co-occurrence. Moreover, the task used to assess the
formation of links based on shared co-occurrence may
have been more challenging for children due to factors
unrelated to abilities to form these links. Such factors
may therefore explain the apparent evidence for a grad-
ually developing ability to form links based on shared
co-occurrence. To address this issue, in Experiment
3, we measured both direct and shared co-occurrence
links using the same Label Extension paradigm.

EXPERIMENT 3
Method
Participants

Participants were twenty 4-to-5-year-olds (M,,. = 54.1
months, range 48.7-67.2 months, 9 female) and 20 adults
recruited from the same population as Experiments 1-2.
Based on power analyses using the effect sizes obtained
in Experiments 1-2 for testing the formation of direct

co-occurrence links in children (ds>1.01), a minimum
sample of 10 participants per age group would be suffi-
cient to detect the same effect sizes with 80% power using
a paired t test with alpha at .05. To account for the differ-
ences in experimental design (i.e., using Label Extension
vs. Sentence Completion to assess direct co-occurrence
links), we recruited 20 participants per age group.

Stimuli and procedure

Stimuli were the same as in Experiments 1 and 2. The
Training procedure was the same as in Experiment 1,
with the exception that instead of two, we used three
training stories. The Sentence Completion task was in-
cluded to maintain comparability with the preceding ex-
periments, but not analyzed, because the purpose of this
experiment was to measure the formation of links from
Label Extension.

The primary feature of Experiment 3 was that the
Label Extension task was expanded to measure both di-
rect and shared co-occurrence links (see Figure 5). As in
Experiments 1 and 2, on each trial, participants were pre-
sented with a picture of a fruit or a mammal and asked
to label it using one of two pseudowords from the Triads.
Half of the 48 trials measured shared co-occurrence
links using the same approach as in Experiments 1 and
2, and they prompted participants to label pictures using
one of the two pseudonouns (see Figure 5). Thus, shared
co-occurrence links were measured based on consis-
tently labeling fruits with the pseudonoun mipp that
shared co-occurrence with apple and mammals with the
pseudonoun geck that shared co-occurrence with Aorse.
The remaining trials used the same logic to measure di-
rect co-occurrence links by asking participants to label
the picture using one of the two pseudoadjectives: foobly
or dodish.

Results

One child and one adult were excluded due to accuracy
below .25. Both children and adults made label exten-
sions based on direct co-occurrence links at rates above
chance (one sample t-tests against chance, #s>2.91,
ps<.05). A mixed effects logistic regression with a fixed
effect of Age (levels: 4-year-old and Adult) and random
intercepts for participants and stimuli revealed that
adults outperformed children, (1) = 10.29, p<.0l.

On trials that measured shared co-occurrence links,
while adults performed above chance #(18) = 6.62,
p<.001, d = 1.520, M = .18, SD = .18, children were at
chance #(18) = 1.85, p = .16, d = 0.424, M = .56, SD = .15.
In addition, a mixed effects logistic regression with a
fixed effect of Age (levels: 4-year-old and Adult) and
random intercepts for participants revealed that adults
made more accurate label extensions based on shared
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co-occurrence than children, y*(1) = 13.52, p<.001.
Similar to Experiment 2, 85% of adults and only 32% of
children labeled on the basis of shared co-occurrence.

We conducted an additional analysis to address the
possibility that above- versus at-chance performance
on direct versus shared co-occurrence trials occurred
because it is natural to use adjectives to label a variety
of fruits or mammals, whereas nouns typically refer to
a specific item. Specifically, we tested whether perfor-
mance differed across trials in which participants la-
beled just apples or horses, versus other fruit and other
mammal trials. Patterns were equivalent across these
trial types (all F5<0.32, ps>.57, Figure S3).

Drivers of the formation of shared
co-occurrence links

As in Experiment 2, we performed a hierarchical regres-
sion analysis to test whether the formation of links based
on shared co-occurrence depended only on the strength
of direct co-occurrence links or there was an additional
Age effect. The strength of direct co-occurrence links ex-
plained a significant amount (45%) of variance in the for-
mation of shared co-occurrence links, F(1, 33) = 28.49,
p<.001. An additional 13% of variance was explained by
Age. The addition of Age as a predictor significantly im-
proved the model, F(1, 32) = 10.24, p = .003.

Discussion

The results of Experiment 3 replicated and extended
findings of the preceding experiments. First, the ability
to form links based on direct co-occurrence was present
in both children and adults, but it improved with devel-
opment. Second, only adults consistently formed links
based on shared co-occurrence. Similarly, age contrib-
uted to predicting the formation of shared co-occurrence
links beyond the strength of direct co-occurrence links.
Together, these results support the Co-Occurrence
Account's attribution of the more gradual development
of taxonomic links to the asynchronous development
of abilities to form links based on direct and shared
co-occurrence.

It is important to note that the use of the same task
to assess links based on both direct and shared co-
occurrence undermines the possibility that their ap-
parently different developmental trajectories are due to
task differences. However, it is worth acknowledging
that developmental differences in this experiment were
modest, with 4-year-olds performing slightly but signifi-
cantly above-chance for direct co-occurrence links, and
at chance for shared co-occurrence links. Experiment 4
was therefore designed to further investigate the develop-
mental asynchrony between abilities to form links based
on direct versus shared co-occurrence. Specifically, if the
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developmental patterns capture a true developmental
asynchrony, then abilities to form shared co-occurrence
links should lag behind abilities to form direct co-
occurrence links, even as both abilities improve with age.
We tested this assumption in Experiment 4 by investi-
gating the trajectory of improvements across three age
groups: 5- to 6-year-olds, 7- to 8-year-olds, and adults.

EXPERIMENT 4
Method
Participants

Participants were thirty-four 5-to-6-year-old children
(Mage =70.0 months, range 60.6—80.5 months, 19 female),
thirty-six 7- to 8-year-old children (Mage = 93.2 months,
range 84.3-105.4 months, 22 female) and 36 adults. Child
participants were recruited from the same population
as for Experiments 1-3. Adult participants were either
undergraduate students (N = 19, same population as in
Experiments 1-3) or recruited through Prolific platform
(N =17, https://www.prolific.co).

It is worth noting that this experiment was conducted
during the COVID-19 pandemic. While conducting re-
search during the pandemic, we observed that both chil-
dren and adults appeared to find it more challenging to
participate attentively in experiments. Motivated by this
observation, to increase power, we collected larger sam-
ple sizes than in previous experiments.

Stimuli

Stimuli were adapted from Experiments 1-3, with two
minor adjustments. First, Training sentences were modi-
fied so that they formed “mini stories” consisting of four
sentences, one for each of the word pairs from the two
triads. This modification was designed to ensure that
sentences flowed sensibly from one sentence to the next
(see Supporting Information for the full list of sentences).
Second, the Label Extension task used only trials in
which participants labeled images of apples or horses.
The aim was to provide an explicit assessment of the for-
mation of links between familiar and pseudowords, and
thus eliminate the demand to generalize pseudowords to
the broader semantic categories to which the familiar
words belonged (i.e., fruits and animals).

Procedure

As in the preceding experiments, participants completed
Training, Sentence Completion, and Label Extension
tasks. The Training phase was slightly modified from pre-
ceding experiments so that participants clicked a colored
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circle on the computer screen to hear each “mini story”
of four sentences. As in Experiment 1, Training included
two blocks of training stories. The Label Extension task
was similar to Experiment 3, with the exception that all
48 trials prompted participants to label an image of an
apple or a horse, rather than other fruits or mammals.

Results

All participants passed the accuracy threshold of 0.25.
Although all age groups performed above chance on di-
rect co-occurrence trials, all 1s>2.52, ps<.034, there were
significant developmental differences as confirmed by a
mixed effects logistic regression with a fixed effect of
Age (levels: 5- to 6-year-old, 7- to 8-year-old and Adult)
and random intercepts for participants, y*(2) = 25.12,
p<.001. Pairwise comparisons using Z-tests, corrected
with Holm's sequential Bonferroni procedure revealed
that 7-to-8-year-olds performed significantly better than
5-to 6-year-olds, Z=3.12, p<.0l, and significantly worse
than adults, Z=2.14, p = .032.

On shared co-occurrence trials, 5- to 6-year-olds per-
formed at chance, #(33) = 1.29, p = 412, d = 0.221, 7- to
8-year-olds were just above the chance #(35) =2.78, p = .018,
d=0.463, and adults performed substantially above chance,
1(35)=5.93, p<.001, d=0.988. Mixed effects logistic regres-
sion with a fixed effect of Age (levels: 5- to 6-year-olds, 7- to
8-year-olds, and Adult) and random intercepts for partic-
ipants revealed significant developmental differences,
27(2) =32.89, p<.001. Pairwise comparisons using Z-tests,
corrected with Holm's sequential Bonferroni procedure,
indicated that while adults made more correct responses
than 5- to 6-year-olds and 7- to 8-year-olds, Zs>4.64,
ps<.001, there were no differences in performance of 5- to
6-year-olds and 7- to 8-year-olds, Z = 0.96, p = .336.

This pattern replicates the developmental patterns
observed in young children and adults in Experiment 3.
Critically, older children (7- to 8-year-olds) provide cru-
cial additional information: although they formed direct-
co-occurrence links that were robust and substantially
stronger than younger children, formation of shared co-
occurrence links remained weak (Figure 5). Moreover,
7- to 8-year-olds formed direct co-occurrence links sig-
nificantly more successfully than shared co-occurrence
links according to performance on the same task,
1(35)=5.38, p<.001, d=1.157. These results strengthen the
conclusions from Experiments 1-3 that abilities to form
semantic links from direct and shared co-occurrence reg-
ularities follow different developmental trajectories.

Drivers of the formation of shared
co-occurrence links

As in previous experiments, we performed a hierarchi-
cal regression analysis to test whether Age contributes

to explaining the formation of shared co-occurrence
links beyond the strength of direct co-occurrence links.
Replicating the results of the Experiments 2-3, we found
that in addition to the significant amount (18%) of vari-
ance explained by the strength of direct co-occurrence
links, F(1, 104) = 23.66, p<.001, including Age as a pre-
dictor significantly improved the model, F(2, 102) =9.26,
p<.001, and explained an additional 13% of variance.
Therefore, the current experiment fully replicates the
patterns observed in Experiments 2-3 and further
strengthens the argument that formation of shared co-
occurrence links depends on both strength of direct
links and an independent maturation of mechanisms
necessary to form shared co-occurrence links.

GENERAL DISCUSSION

Words tend to occur in language in predictable ways.
Associatively related words, such as juicy and apple, tend
to reliably directly co-occur, while words that are taxo-
nomically related, such as apple and pear, tend to share
each other's patterns of direct co-occurrence. For exam-
ple, both apple and pear directly co-occur with words such
as juicy or eat (Harris, 1954; Landauer & Dumais, 1997;
Lund & Burgess, 1996; Miller & Charles, 1991). These reg-
ularities are abundant even in linguistic input to young
children (Asr et al., 2016; Fourtassi, 2020; Huebner &
Willits, 2018), and therefore represent a potentially pow-
erful driver of semantic organization development. The
present study investigated how abilities to form semantic
links based on co-occurrence regularities emerge dur-
ing development, and how these developing abilities may
drive developmental changes in semantic organization.

Across four experiments, we observed that abilities to
form links based on direct co-occurrence emerged early
and became more robust by adulthood (see Shufaniya
& Arnon, 2018; Wojcik & Saffran, 2015 for converging
evidence in language and other domains). In contrast,
the formation of links based on shared co-occurrence
was weak in children, and robust only in adults (see
Miller-Goldwater et al., 2021; Schlichting et al., 2021 for
converging evidence in other domains). Moreover, the
formation of links based on shared co-occurrence was
predicted by both the strength of direct co-occurrence-
based links, and by an independent contribution of age.
These results suggest that the formation of links based
on direct and shared co-occurrence depends on abilities
that develop asynchronously, with the development of
abilities to form links based on shared co-occurrence
lagging behind abilities to form links based on direct
co-occurrence.

These findings provide a novel explanation for the de-
velopment of semantic organization, in which associa-
tive links emerge early and are gradually supplemented
by taxonomic links. First, associative links may emerge
early because they can be learned via early-developing
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abilities to form links based on direct co-occurrence.
Second, the relatively slow emergence of taxonomic links
can be explained by the more gradual development of the
ability to form shared co-occurrence links. These find-
ings thus highlight an alternative to the common view that
associative and taxonomic links develop independently.
According to this new perspective, associative links not
only play a key role in semantic organization through-
out development (Blaye et al., 2006; Fenson et al., 1989;
Lin & Murphy, 2001; Sloutsky et al., 2017; Unger, Savic,
et al., 2020), but moreover can provide a foundation for
developing taxonomic links (Sloutsky et al., 2017).

It is worth noting that neither the Co-Occurrence
account nor the current findings conflict with evidence
that links between some taxonomically related concepts
may emerge early. Such links may form when shared co-
occurrence is not the only source of input from which
these links can form. For example, the current findings
are consistent with recent evidence that links between
some taxonomically related concepts emerge early when
their labels directly co-occur, such as “dog” and “cat”
(Unger, Vales, et al., 2020; Yim et al., 2021). In addition,
as noted in the Introduction, concepts may become tax-
onomically linked relatively early in development when
their real-world counterparts share many observable
features.

Similarly, the present work complements evidence
that there are other useful cues in language that can
support learning semantic links between words. For ex-
ample, Wojcik and Saffran (2015) demonstrated that tod-
dlers can learn that words are related when they occur in
similar positions and have same syntactic roles in dif-
ferent sentences, such as occurring early in a sentence
as the subject of transitive verbs or late in a sentence as
the object of transitive verbs. Given this evidence, in the
current work, we intentionally controlled for the contri-
bution of these cues to demonstrate that learning is pos-
sible even when word co-occurrences provide the only
cues to word meaning. Therefore, the current findings
provide evidence that co-occurrence regularities may
make an independent contribution to the development
of semantic organization.

Although the converging evidence found across a set
of experiments in the current study provides support
for the generalizability of the current findings, it is im-
portant to keep in mind that all children recruited for
this study were English native speakers living in middle-
class suburbs of a U.S. city. Therefore, caution is neces-
sary when generalizing the current findings to different
sociocultural groups with different learning back-
grounds and environments. Specifically, it is possible
that the development of abilities related to learning from
co-occurrence may be supported by a child's level of lan-
guage comprehension, vocabulary size, and exposure
to language, which are known to vary across different
sociocultural groups. Additionally, we cannot confirm
that our findings can be generalized cross-linguistically.

CHILD DEVELOPMENT

Due to variations in syntactic properties, languages tend
to have different distributional regularities, which could
influence how much children rely on co-occurrence in
language when learning about semantic relatedness.
Therefore, future work would need to investigate po-
tential cross-cultural and cross-linguistic differences in
the contribution of word co-occurrences to semantic
development.

Roles of experience and maturation

Our findings further contribute to understanding the
roles that experience and maturation play in the devel-
opment of semantic organization. While exposure to co-
occurrence regularities is obviously critical for forming
links based on co-occurrence regularities, our findings
strongly suggest that accumulation of experience alone
cannot fully explain developmental changes. Specifically,
we found developmental differences in the formation of
co-occurrence-based links even though children and
adults in our experiments were given the same amount
of exposure to co-occurrence regularities. The role of
maturation is further highlighted by a comparison of the
performance of adults given short training (Experiment
1) and children given extensive training (Experiment 2).
With extensive training, direct co-occurrence links in
children became as strong as direct co-occurrence links
in adults who were given short training. However, exten-
sive training did not strengthen shared co-occurrence
links in children. This finding suggests that the forma-
tion of robust direct co-occurrence links is necessary
but not sufficient for formation of shared co-occurrence
links. Instead, learners also need to develop the ability to
form links based on shared co-occurrence. Thus, these
findings suggest that models that capture human seman-
tic knowledge based on co-occurrence regularities (Jones
& Mewhort, 2007; Landauer & Dumais, 1997; Lund &
Burgess, 1996; Mikolov et al., 2013) capture an important
source of input for developing semantic knowledge, but
overlook key developmental changes in abilities to learn
from this input.

Finally, it is important to note that the reported devel-
opmental differences likely capture the development of
abilities to form semantic links from co-occurrence reg-
ularities, rather than the development of reasoning abil-
ities that could aid performance in the tasks used here.
The strongest evidence for this interpretation comes
from Experiments 3 and 4, which assessed direct and
shared co-occurrence links in the same task. Experiment
3 found that even within the same task, young children
could form direct co-occurrence links above chance,
while remaining at chance for shared co-occurrence
links. Experiment 4 expanded upon this evidence by
showing that even as the formation of both links im-
proved with age, the stronger formation of links based
on direct versus shared co-occurrence persisted and was
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even more pronounced in older children. Thus, develop-
mental differences in reasoning abilities are unlikely to
explain the key patterns of development observed across
our three experiments.

Learning mechanisms

The evidence for the asynchronous development of abili-
ties to form links from direct and shared co-occurrence
highlights a key question for future research: What
mechanistic changes drive these asynchronous matu-
rational trajectories? One possible mechanism for the
formation of links based on shared co-occurrence in-
volves processes that we refer to as reactivation and
co-activation. Imagine a learner who first hears “foo-
bly apple,” and later hears “foobly mipp”. When the
learner hears “foobly apple,” they may encode a direct
co-occurrence link between “foobly” and “apple.” When
the learner then hears “foobly mipp,” hearing “foobly”
may reactivate “apple,” so that “mipp” and “apple” are
simultaneously activated. The co-activation of “mipp”
and “apple” may then prompt the formation of a shared
co-occurrence link between them. Emerging research
suggests that both reactivation and the formation of
a new memory trace based on co-activation may rely
on hippocampal processing that is carried out by hip-
pocampal regions that undergo protracted development
(Schlichting et al., 2017). Thus, the development of these
processes may account for developmental improvements
in abilities to form links based on shared co-occurrence.

Beyond this possibility, multiple alternative mechanis-
tic explanations for the formation of links based on shared
co-occurrence have been proposed in a variety of research
disciplines. For example, in computational models that
capture semantic organization from regularities of word
use such as co-occurrence (Borovsky & Elman, 2006;
Huebner & Willits, 2018; Landauer & Dumais, 1997,
Mikolov et al., 2013), dimensionality reduction processes
capture shared co-occurrence as a latent source of these
regularities (for similar proposals in the domain of mem-
ory, see Schapiro et al., 2013, 2017). In the behaviorist lit-
erature, researchers have proposed mediated association
mechanisms (Hall, 1996; Hall et al., 2003) in which in-
puts that share co-occurrence become indirectly linked
via their overlapping direct co-occurrence-based links.
Alternatively, some memory models (Hintzman, 1984;
Kumaran & McClelland, 2012) propose that although only
direct co-occurrence links are initially stored in memory,
retrieving these links from memory may foster the for-
mation of shared co-occurrence links. For example, after
foobly-apple and foobly-mipp have been stored in memory,
encountering one of these words—for example, “apple”™—
can prompt the retrieval of the word with which it directly
co-occurred—for example, “foobly.” The retrieved word
can in turn prompt retrieval of the other word with which it
directly co-occurred—for example, “mipp.” This chained

retrieval process would cause the actually encountered
word—*“apple”—to be co-active with the word with which
it shared co-occurrence—“mipp”—which can then form a
new memory trace for apple-mipp. This multitude of can-
didate mechanisms contrasts with a lack of work that has
evaluated them as accounts of the development of seman-
tic organization. The mechanistic sources of developmen-
tal changes in semantic organization therefore remain an
unexplored avenue for future research.

CONCLUSION

With development, we acquire richly organized networks
of knowledge in which concepts, denoted by words, are
connected by semantic links. The present research illu-
minates how exposure to simple co-occurrence regulari-
ties in language may contribute to the development of
this richly organized knowledge. Our findings suggest
that the accumulation of exposure to co-occurrence reg-
ularities may contribute to the development of semantic
organization only in conjunction with the maturation of
abilities to form semantic links from this exposure.
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