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Abstract

Children achieve better long-term languageoutcomes than adults.However, it remains

unclear whether children actually learn languagemore quickly than adults during real-

time exposure to input—indicative of true superior language learning abilities—or

whether this advantage stems from other factors. To examine this issue, we compared

the rate at which children (8–10 years) and adults extracted a novel, hidden linguistic

rule, inwhich novel articles probabilistically predicted the animacy of associated nouns

(e.g., “gi lion”). Participants categorized these two-word phrases according to a second,

explicitly instructed rule over two sessions, separated by an overnight delay. Both chil-

dren and adults successfully learned the hidden animacy rule through mere exposure

to the phrases, showing slower response times and decreased accuracy to occasional

phrases that violated the rule. Critically, sensitivity to the hidden rule emerged much

more quickly in children than adults; children showed a processing cost for violation

trials from very early on in learning, whereas adults did not show reliable sensitivity to

the rule until the second session. Children also showed superior generalization of the

hidden animacy rule when asked to classify nonword trials (e.g., “gi badupi”) according

to the hidden animacy rule. Children and adults showed similar retention of the hidden

rule over the delay period. These results provide insight into the nature of the criti-

cal period for language, suggesting that children have a true advantage over adults in

the rate of implicit language learning. Relative to adults, children more rapidly extract

hidden linguistic structures during real-time language exposure.
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Research Highlights

∙ Children and adults both succeeded in implicitly learning a novel, uninstructed

linguistic rule, based solely on exposure to input.

∙ Children learned the novel linguistic rules muchmore quickly than adults.

∙ Children showed better generalization performance than adults when asked to

apply the novel rule to nonsense words without semantic content.

∙ Results provide insight into the nature of critical period effects in language, indicat-

ing that children have an advantage over adults in real-time language learning.

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

medium, provided the original work is properly cited, the use is non-commercial and nomodifications or adaptations aremade.

© 2024 The Authors.Developmental Science published by JohnWiley & Sons Ltd.

Developmental Science. 2024;e13498. wileyonlinelibrary.com/journal/desc 1 of 18

https://doi.org/10.1111/desc.13498

https://orcid.org/0000-0002-5385-7812
https://orcid.org/0000-0002-6879-4666
mailto:lbatter@uwo.ca
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://wileyonlinelibrary.com/journal/desc
https://doi.org/10.1111/desc.13498
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fdesc.13498&domain=pdf&date_stamp=2024-03-22


2 of 18 BERGER and BATTERINK

1 INTRODUCTION

A longstanding idea is that children are better equipped for lan-

guage learning than adults (Johnson & Newport, 1989; Lenneberg

et al., 1967; Long, 1990; Weber-Fox & Neville, 1996). Evidence for

this idea comes from studies showing that younger learners achieve

higher ultimate proficiency, both for a second language (Birdsong &

Molis, 2001; DeKeyser, 2000; Hartshorne et al., 2018; Johnson &

Newport, 1989; Weber-Fox & Neville, 1996) as well for a first (sign)

language (Mayberry, 1993; Newport, 1990). Importantly, however,

not all aspects of language are equally impacted by delays in acqui-

sition (DeKeyser, 2000; Johnson & Newport, 1989; Newport, 1990;

Newport et al., 2001;Weber-Fox & Neville, 1996). Vocabulary, seman-

tic processing, and more salient aspects of morphosyntax, such as

basic word order, are generally learned well even by late learners.

In contrast, phonology and more complex and/or less salient aspects

of morphology and grammar are much more impacted by delays

in acquisition.

1.1 Are children better at implicit language
learning?

What gives children this long-term advantage in attaining structural

aspects of language? A commonly proposed explanation is that chil-

dren use different learning mechanisms for language, with children

using more implicit language learning mechanisms and adults using

more explicit learning mechanisms (DeKeyser, 2000; Elman, 1993;

Kareev, 1995; Lenneberg et al., 1967; Newport, 1990; Paradis, 2009;

Ullman, 2001). Here, we define implicit learning as a learning pro-

cess that proceeds through exposure to positive examples, in the

absence of feedback, explicit instruction, or intention to learn, and

without necessitating conscious awareness of what has been learned

(e.g., Frensch & Rünger, 2003; Nissen & Bullemer, 1987; Perruchet &

Pacton, 2006; Reber, 1989)1. In particular, many theories suggest that

adults’ better cognitive abilities—including long-termmemory,working

memory, attention and cognitive control—may paradoxically make lan-

guage learningmore difficult. Due to competitive interactions between

implicit and explicit learning mechanisms (e.g., Filoteo et al., 2010;

Fletcher et al., 2005; Foerde et al., 2006; Nemeth et al., 2013; Pol-

drack et al., 2001; Smalle et al., 2022), adults’ mature higher-level

cognitive abilities may lead them to favor explicit, conscious strategies

over implicit mechanisms when faced with the task of learning a new

language. In contrast, younger learners—with their smaller cognitive

capacities—are thought to rely predominantly on implicit or procedural

learning mechanisms, which eventually produces a language attain-

ment advantage over older learners (e.g., Newport, 1990; Paradis,

2009; Ullman, 2001). By these accounts, children are thought to have

an acquisition advantage primarily for elements of language that are

hard to learn explicitly, such as sequential components of language that

involve extracting reoccurring units from input. These include a lan-

guage’s more complex and/or less prominent syntactic, morphological,

and phonological rules (DeKeyser, 2000).

One such prominent model is Newport’s “Less-is-More” account

(Newport, 1988, 1990), which suggests that children’s reduced work-

ing memory capacity leads them to perceive and store smaller com-

ponent parts of complex linguistic stimuli. In turn, this allows children

to extract the core components of language, such as small morpho-

logical units. In contrast, adults with their larger cognitive capacities

may be biased towards storing whole word-meaning mappings, at the

expense of detecting and extracting smaller relevant morphemes. A

relatedaccount (Ramscar&Gitcho, 2007;Thompson-Schill et al., 2009)

suggests that children’s more limited cognitive control abilities leads

them to learn in amore “unsupervised” manner, rather than selectively

attending to and controlling their learning as adults do. This results in

children learning the most consistent, frequent patterns in the input,

which in turn facilitates grammar learning and other aspects of linguis-

tic generalization. Yet another neurobiological theory suggests that

children’s language learning advantage can be traced to a developmen-

tal shift in reliance from the brain’s fast-maturing procedural memory

systemto its later-maturingdeclarativememory system (Ullman, 2001,

2004, 2005). Aspects of grammar that are supported by the procedural

memory system in early development may come to be acquired by the

moredominant declarativememory system later in development, caus-

ing older learners to rely on effortful, conscious application of rules

when using grammatical forms.

Parallel findings outside the domain of language also suggest that,

relative to adults, children’s poorer selective attention leads them

to more deeply process and learn about task-extraneous information

(Blanco & Sloutsky, 2019; Decker et al., 2015; Jung et al., 2023; Ple-

banek & Sloutsky, 2017). In turn, this may allow children to more

effectively capture environmental contingencies that are not nec-

essarily goal-relevant, oftentimes producing more robust incidental

learning. For example, after completing a visual search task on arrays

of artificial creatures, children’smemory for the creatureswith search-

irrelevant featureswas better than adults’, suggesting that the children

had distributed their attention across both relevant and irrelevant

information (Plebanek & Sloutsky, 2017). Although these various the-

ories and findings differ inmany respects, they all point to the idea that

children, due to their immaturehigh-level cognitive capacities,may rely

more on implicit learning mechanisms when processing input, which in

turn may give them an advantage when it comes to extracting hidden

patterns from language.

Compelling evidence for this prediction would come from show-

ing that children learn abstract, uninstructed, incidental regularities in

language input more efficiently than adults—that is, that they have a

faster short-term learning rate for linguistic patterns (conceptually dis-

tinct from long-term ultimate attainment; cf. Hartshorne et al., 2018;

Krashen et al., 1979). However, very few studies have directly tested

this prediction. Although there is work going back decades that has

compared children and adults’ short-term language learning under

equivalent conditions (e.g., Asher &Price, 1967; Ferman&Karni, 2010;

Hudson Kam & Newport, 2009; Krashen et al., 1979; Lichtman, 2016;

Long, 1990; Snow & Hoefnagel-Höhle, 1978), most of these studies

have used testingmethods inwhich performance is likely to benefit sig-

nificantly from explicit knowledge, and which may thereby potentially
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(inadvertently) favor older learners. Thus, perhaps not surprisingly,

most findings in this literature suggest that younger children actu-

ally take longer to learn new grammar compared to older learners. For

example, Ferman and Karni (2010) trained 8-year-olds, 12-year-olds

and adults on an artificial morphological rule over 10 daily training

sessions, with training consisting of a forced-choice grammaticality

judgment tasks and a production task that required participants to

generate the correct verb form. On these tasks, adults outperformed

children, and older children outperformed younger children. How-

ever, as has been previously pointed out (Hartshorne et al., 2018;

Long, 1990), these production-based and grammaticality judgment

tasks are explicit and cognitively demanding in nature. Such tasks can

potentially place older learners at an advantage, allowing them to ben-

efit from conscious strategies, existing knowledge, and/or test-taking

experience.

In contrast to most previous work, one recent study did find

evidence that children show more rapid implicit language learning

than adults (Smalle et al., 2017). This study specifically examined

the learning of novel phonotactic constraints—the language-specific

restrictions that govern permissible sound sequences in spoken lan-

guage. Children (9–10 years) and adults were asked to rapidly recite

syllable sequences that conformed to a novel phonotactic rule, with

speech errors that were consistent with the novel constraint provid-

ing an index of implicit learning. Children showed reliable evidence of

phonotactic learning very quickly, after exposure to only 24 sequences,

whereas adults did not show evidence of learning until the second

day, after a period of consolidation that contained sleep. These results

may represent some of the strongest evidence to date that children

have an underlying rate advantage for the implicit extraction of linguis-

tic regularities. Notably, the implicit, performance-based measure of

learning used in this study may have put children and adults on a more

equal playing field, highlighting the importance of using undemand-

ing, implicit and/or child-friendlymeasures in developmental studies of

learning.

In light of these conflicting findings, one major goal of the current

study was to clarify whether children show better implicit learning of

hidden linguistic regularities, or whether their long-term advantage

for language may instead by driven by other factors, such as environ-

mental and social considerations (Flege & Liu, 2001; Flege et al., 1999;

Hakutaet al., 2003;Marinova-Toddet al., 2000). Inparticular, it remains

to be determined whether the advantage observed by Smalle and col-

leagues (2017) is specific to phonotactic learning, or also holds for

other forms of implicit language learning, such as the acquisition of

abstract grammar rules.

1.2 Are there developmental differences
in the long-term retention of linguistic
regularities?

In addition to learning rate within a single training session, children’s

apparent superiority for language could also in principle be driven

by better long-term retention of newly acquired linguistic represen-

tations, which would result in cumulative learning advantages over

time. Supporting this possibility, some evidence suggests that children

may retain recently learned verbal or episodic information better than

adults (Bishop et al., 2012; Smalle et al., 2018; Wang et al., 2018).

In one study, children and adults were asked to repeat novel word-

forms (e.g., preskrimskee) in two sessions separated by 1 h (Bishop et al.,

2012). Children’s performance remained stable over the 1-h break

whereas adults’ performance declined, and this retention advantage

in children was not attributable to differences in baseline learning.

Similarly, another study using the Hebb repetition paradigm found

that children showed better delayed retention of the implicit Hebb

sequences relative to adults across multiple offline periods, ranging

from 4 h up to 1 year later (Smalle et al., 2018). Again, children’s reten-

tion advantage persisted even when controlling for baseline learning

scores. Additional evidence from motor learning paradigms suggests

that memory stabilization processes after learning may occur much

more rapidly in children than adults (Adi-Japha et al., 2014; Ash-

tamker & Karni, 2013), and be less prone to subsequent interference

(Dorfberger et al., 2007).

Sleep may further contribute to developmental differences in con-

solidation and retention, over and above any nonspecific effects of

a delay period. In their review paper, Wilhelm, Metzkow-Mészàros,

et al. (2012) conclude that children’s longer and richer slow-wave

sleep preferentially benefits declarative memories while preventing

consolidation of procedural memories, a trade-off not generally seen

in adults (Fischer et al., 2007; Giganti et al., 2014; Henderson et al.,

2012; Peiffer et al., 2020; Prehn-Kristensen et al., 2009; Wilhelm

et al., 2008). For example, in one study, 7–11-year-old children and

adults completed a serial reaction time task, in which they pressed

buttons corresponding to a hidden probabilistic pattern, and then

either slept or stayed awake before completing the task again (Fischer

et al., 2007). After sleep, adults showed a gain in implicit sequence

knowledge, as reflected by facilitated response times to the pattern.

In contrast, the reaction time (RT) difference to sequential versus

control blocks was reduced after sleep in children, reflecting a reduc-

tion in implicit sequence knowledge. A subsequent study using similar

methodology found that 8–11-year-old children demonstrated greater

gains in explicit knowledge of the sequence compared to adults follow-

ing a night of sleep, and that these gains were correlated with their

slow-wave activity (Wilhelm et al., 2013). Altogether, these results

suggest that in children, a consolidation period including sleep may

preferentially strengthen explicit knowledge over implicit or proce-

dural knowledge, and—when relevant—more strongly facilitate the

transformation from implicit to explicit knowledge than in adults. By

comparison, in adults, a delay period containing sleep seems to ben-

efit the consolidation of implicit memories to a greater extent than

in children.

With this background inmind, an additional aim of the current study

was to better understand developmental differences in the retention

of a hidden, abstract linguistic rule over a 12-h delay period con-

taining sleep. We also sought to determine whether a consolidation

period including sleep would differentially spur the transformation of

implicit pattern knowledge to a more generalizable and/or consciously
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available rule in children compared to adults, as suggested by some

prior work (Wilhelm et al., 2013).

1.3 Current study

In the current study, we tested two interrelated hypotheses. Our first

hypothesis was that children should become sensitive to a novel, hid-

den grammatical regularity more quickly than adults. A second, more

exploratory hypothesis was that children, relative to adults, may show

enhancedexplicit, generalizable knowledgeof thehidden linguistic rule

after a 12-h period containing sleep. We tested children between 8

and 10 years old, as this age range is comparable to that of many prior

studies of interest (e.g., Fischer et al., 2007; Smalle et al., 2017, 2018;

Wilhelm et al., 2013) and also occurs well before the estimated cutoff

point at which attainment of native-like proficiency becomes unlikely

(age 12; Hartshorne et al., 2018).

To test these hypotheses, we created a child-friendly version of

our previous implicit learning paradigm (Batterink et al., 2014), which

involved exposing participants to a novel, hidden linguistic animacy

rule. Specifically, both child and adult participants listened to two-word

phrases that included one of four novel articles (gi, ro, ul, ne) followed

by a subsequent English noun (e.g., gi lion). Participants were explic-

itly instructed that two of the novel words meant the accompanying

noun was near, and the other two meant it was far. However, undis-

closed to participants, there was also a second animacy rule, with two

of the novel articles probabilistically predicting animate nouns and

the other two predicting inanimate nouns. Using a gamified, speeded,

performance-based task, participants were instructed that items and

animals had “escaped” from their proper locations, and were asked

to return them by clicking on the correct “home” for each item (e.g.,

a near zoo, a far shop). Critically, a small number of trials violated

the hidden animacy rule (e.g., gi lamp, rather than gi lion). Following

previous research by Batterink and colleagues (2014), our key pre-

diction was that implicit learning of the novel animacy rule should

produce delayed (as well as potentially less accurate) responses to vio-

lation trials relative to canonical trials. We considered reaction times

as our primary dependent measure of rule sensitivity, given that is a

finer-grained and generally more sensitive measure of processing than

accuracy. We additionally included a small number of nonword trials,

consisting of a novel article with a nonword (e.g., gi badupi) to assess

generalization as well as explicit knowledge of the hidden rule dur-

ing learning, reasoning that explicit insight into the hidden rule should

result in a sudden jump in categorization accuracy for these trials. To

assess offline consolidation over a 12-h delay period, participants per-

formed the task over two sessions: an initial session in the evening,

followed by a second session the next morning after a night of sleep.

Finally, we assessed participants’ explicit awareness of the hidden rule

through a structured interview administered at the end of the sec-

ond session. Our design therefore allowed us to compare children and

adults’ online sensitivity to a novel, hidden grammatical rule over mul-

tiple exposures, as well as their retention of this resulting knowledge

over a delay.

2 METHODS

2.1 Participants

A total of 31 children (16 female; age range 8–10 years old;M = 9.19,

SD = 0.99) and 30 adults (21 female; age range 18–35; M = 24.65,

SD = 4.17) were initially recruited to participate. Five child partici-

pants were later excluded from analysis due to failure to perform the

instructedexperimental task (a performancemetric i.e., independentof

our main research contrasts; see Data Analysis section), leaving a final

sample of 26 children. We set a goal of recruiting 30 participants per

group prior to any confirmatory analyses being performed and in con-

sideration of previous studies in this field (e.g., Batterink et al., 2014;

Smalle et al., 2017). The inclusion criteria required that participants be

nativeEnglish speakers, havenormal or corrected-to-normal visionand

normal hearing, have no history of neurological or sleep disorders, and

not be taking medication that may affect brain functioning. Informed

consent was obtained from participants and parents, and assent was

obtained from children. Participants were compensated for their time.

The studywas approvedby theResearchEthicsBoard at theUniversity

ofWesternOntario.

2.2 Stimuli

As in Batterink and colleagues (2014), we used an artificial article

system originally developed by Williams (2005). The article system

consisted of four novel articles (“gi”, “ro”, “ul” and “ne”; see Figure 1a).

Participants were instructed that these novel words functioned simi-

larly to the word “the”, with gi and ro indicating that the accompanying

noun was near, and ul and ne indicating that the accompanying noun

was far. Unbeknownst to participants, in addition to this explicit

distance rule, there was a second “hidden” animacy rule: gi and ul typ-

ically preceded animals, while ro and ne typically preceded objects.

Because Williams (2005) previously demonstrated that the specific

assignment of animacy to each article did not affect learning, we kept

animacy-article mappings consistent across participants.

Each trial contained a novel article paired with a unique noun (e.g.,

gi shirt = “the near shirt”). The nouns in this study consisted of 240

unique animal names and 240 unique object names. Selection of nouns

was guided by the nouns that were used by Batterink and colleagues

(2014) aswell as ageof acquisition ratings (Kupermanet al., 2012),with

words that were associated with earlier age of acquisition selected

for inclusion. Cartoon images of the objects and animals were sourced

throughGoogle Images, andedited to remove thebackground.Anaddi-

tional 80 nonwords were created using the ARC Nonword Database

(Rastle et al., 2002), with settings selected to generate words that

included only orthographically existing onsets, only orthographically

existing bodies, only legal bigrams, and a range of 4–10 letters. All

words (both articles and nouns) were recorded using a text-to-speech

program (http://www.naturalreaders.com/) with speaker “Graham” at

0 speed. The audio was recorded and edited with Audacity software.

All key test phrases during themain experimental task were presented
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F IGURE 1 Summary of experimental task and overall procedure. (a) Summary of theminiature article system. (b) Sequence of events in a
typical trial. (c) Representation of trial structure. Canonical trials (∼71%) were interspersed pseudorandomly with less frequent violation trials
(∼14%) and nonword trials (∼14%). (d) Each testing session included 280 trials. A 12-h delay period containing a period of nocturnal sleep
separated the two sessions. Session 1 consisted of pretraining on the explicit distance rule, followed by the experimental task (conducted over
Zoom for the children). Session 2 consisted of the experimental task, followed by an awareness assessment (conducted over Zoom for both
children and adults).

auditorily, rather than through text as in our prior study (Batterink

et al., 2014), to eliminate any effects of reading ability on task

performance.

2.3 Procedure

Beforebeginning the experiment, participants received aphysical kit to

take home, which contained electroencephalogram (EEG) and actigra-

phy equipment formonitoring sleep (sleep data not reported here). The

experimental procedure consisted of an evening testing session (∼1.5 h

before participants’ normal bedtime), an overnight in-home sleep ses-

sionwithportableEEGrecording, andamorning sessionapproximately

12 h after the first session. All experimental tasks were completed

online, on participants’ home computers. Participants first completed a

questionnaire that included items relating todemographic information,

language background, neurological history, vision and hearing, and cur-

rent state/sleepiness via Qualtrics. For children, a Zoom call was then

initiatedwith the experimenter prior to beginning themain experimen-

tal task. The experimenter remained on the Zoom call throughout the

task to help guide and monitor the child. Adults were given the same

set of instructions as children, but were not monitored over Zoom. The

experimental task was created on PsychoPy software (Peirce et al.,

2019) and administered through Pavlovia.org.
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2.3.1 Explicit pretraining tasks

In the first testing session only, participants first completed several

pre-training tasks designed to encourage encoding of the explicit dis-

tance rule (i.e., that gi and romeant “near”; ul and nemeant “far”). These

tasks consisted of an initial memorization phase, in which participants

were visually presented with the novel articles and their meanings and

asked to memorize these pairings, followed by two pretraining tasks

that required participants to match the articles to their correct mean-

ings. Training proceeded until a pre-established criterion was met. For

additional methodological details, please see Supporting Information.

2.3.2 Hidden rule exposure task

Participants were then presented with a child-friendly cover story, in

which objects and animals had “escaped” and the participant’s helpwas

needed to return each object and animal back to where it belonged.

It was explained that the animals belonged in the zoo and the objects

belonged in the shop. Participants were informed that, for each trial,

they were to click on the near or far shop or zoo as fast as they could,

and that if they failed to select the correct location for the item, they

would hear the words repeated and have to try again. Therefore,

both accuracy and speed were emphasized. The main experimental

trials then began. As depicted in Figure 1b, each trial began with an

image of two shops and two zoos, one of each which were “near” the

participant (located towards the front of the screen) and the other

which were “far” (located farther back on the screen). One of the four

novel articles, followed by a noun, was then presented auditorily (e.g.,

“ro shirt”). The participant was asked to respond by clicking on the

correct location for the item (i.e., the near or far shop or zoo), based

on the distance of the novel article as well the animacy of the noun.

If the participant clicked on the correct location, an image of the item

appeared in the correct place, and the participant clicked to advance

to the next trial. If the participant clicked on the wrong location, the

phrase would be presented again. A correct response was required in

order tomove on to the next trial.

Both testing sessions included 280 trials each. Of these, 200 were

canonical trials, in which the animacy of the noun corresponded to the

hidden animacy rule (e.g., “ro shirt”) and 40were violation trials (10 per

novel article), inwhich the animacy of the noun violated the hidden rule

(e.g., “ro lion”). Finally, therewere 40 nonword trials, in which the novel

article was paired with a nonword (e.g., “ro badupi”; see Figure 1c).

Before each nonword trial, a message was presented to inform partici-

pants that the next trial would contain a word that they had not heard

before. Participants were instructed to sort these trials based on what

they felt was best. Participants did not receive feedback on the non-

word trials, and an image of a question mark appeared wherever they

clicked.

Each session consisted of a different set of trials, such that each

participant saw a given word or nonword just a single time. The trial

order was pseudorandomized and ensured that violation trials, non-

word trials and trials of the same article were distributed roughly

evenly throughout the session. Specifically, 24 different preset pseu-

dorandomized orders were created, and participants were assigned to

a given order according to their participant ID. In addition, the objects

and animals assigned to each session were counterbalanced, such that

a given noun would be presented in session 1 for half the participants

and in session 2 for the other half. The nouns were also counter-

balanced to serve as violation trials across participants. Breaks were

given every 40 trials, and length of the break was determined by the

participant. The task lasted approximately 45min.

2.3.3 Structured awareness interview

At the end of the second session, a structured interview that probed

participants’ explicit knowledge of the hidden animacy rule was con-

ducted over Zoom. The experimenter asked a series of questions

and immediately transcribed participants’ responses. The questions

becamemore specific as the interview went on. Participants were first

asked more open-ended questions to probe whether they had any

knowledge of the hidden animacy rule. If they failed to describe ani-

macy as a relevant feature, theywere then directly askedwhether they

thought the novel articles had anything to do with the item being an

object or animal, and if so, to describe. Participant responseswere later

coded as aware or unaware. Based on low overall levels of participant

awareness, we used a liberal awareness criterion (and thus a conserva-

tive “unaware” criterion), coding participants as aware if they correctly

indicated the relevance of animacy for at least one of the four novel

articles at any point in the interview (e.g., “ul was for animals” or “ro

was for objects”).

2.4 Data analyses

All analyses were conducted with R software (R Core Team, 2020),

mixed effects models were conducted using the lme4 package (Bates

et al., 2015; Lenth et al., 2022), and interactionswere interpreted using

the emmeans package (Lenth et al., 2022). Participants who performed

below chance overall on the canonical trials (i.e., <25% accuracy for

first responses) were excluded due to failure to perform the explicitly

instructed task (n = 5 children). This resulted in a final sample of 26

children and 30 adults for all analyses. At the trial level, we excluded

outliers by applying the following steps. First, any trial with a response

time (RT) greater than 60 s was excluded (eight trials in total). While

rare, these extremely long responses reflected occasional instances

in which the participant was interrupted during the task or took an

otherwise unscheduled break; inclusion of these trials would result in

inflated standard deviations (SDs) for several participants. Next, for

eachparticipant, all trialswith aRT less thanor greater than3SDs from

the participant’s mean RT were discarded (1.4% of trials in children;

1.7% of trials in adults). For all analyses, we fitted maximal random

effects warranted by the data (Barr et al., 2013).
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BERGER and BATTERINK 7 of 18

2.4.1 Emergence and time-course of sensitivity to
the implicit animacy rule

Given that RTs provide a more fine-grained measure of accuracy, and

following previous research by Batterink and colleagues (2014), we

considered RT delays to violation trials relative to canonical trials to be

our primary index of sensitivity to the hidden animacy rule. Therefore,

our first analysis examined whether RTs to correct trials may differ

between canonical and violation trials. As a secondary measure, we

also tested whether violation trials were responded to less accurately

than canonical trials.

For the RT analysis, because children’s RTs were slower than adults,

RTs for correct trials (i.e., only trials for which participants gave an ini-

tial correct responses) were within-subject z-scored to allow for more

direct RT comparisons between groups. A linear mixed effects model

was conducted on z-normalized RTs, with condition (canonical vs. vio-

lation), trial number (1–560; scaled to support model convergence),

session (1,2), age group (child, adult), and their factorial interactions

as fixed factors, and item intercept as a random effect, which repre-

sents the maximal random effects structured warranted by the data.

Inclusion of other randomeffects and slopeswas explored but resulted

in the model obtaining a singular fit. Treatment coding was used for

condition (with canonical as the reference category) and session (with

session 1 as the reference; thus, effect of trial was estimated within

the first session, allowing for characterizing earlier phases of learn-

ing at a finer-grained resolution). Sum coding was used for age group,

such that effects of other variables are reported across all participants

(cf. Brehm & Alday, 2022). We expected RT to generally decrease over

time, reflecting improved fluency with the task with additional expo-

sure and practice. More critically, we expected slower RTs for violation

trials compared to canonical trials as time went on, reflecting learning

of the hidden animacy rule.

For accuracy, a generalized mixed effects logistic regression was

conducted on accuracy for each trial (1 = correct, 0 = incorrect) with

trial number (1–560; scaled to support model convergence), session

(1,2), age group (child, adult), and their factorial interactions as fixed

factors, and participant and item intercept as random effects, with the

optimizer set to bobyqa. As with RTs, treatment coding was used for

condition (with canonical as the reference) and session (with session 1

as the reference), and sum coding was used for age group. Similarly to

RT, we expected that accuracy should increase overall across the two

sessions, with lower accuracy for violation trials relative to canonical

trials.

We additionally used a single, combinedmeasure of speed and accu-

racy called the Balanced Integration Score (BIS), which controls for

potential speed accuracy trade-offs (Liesefeld et al., 2015), to thor-

oughly characterize the emergence of hidden rule sensitivity across

learning blockswithin each age group. This analysis allowedus to quan-

tify approximately when during learning each group showed reliable

overall sensitivity to the rule, considering both speed and accuracy in

combination. This measure is calculated by z-scoring reaction times

and the percentage of correct trials, then subtracting the standardized

RTs from the standardized percent correct (Liesefeld & Janczyk, 2019).

Because the BIS is a composite measure that cannot bemodeled at the

trial level, we separated each session into two blocks (each contain-

ing 120 trials), resulting in four blocks total across both sessions (i.e.,

blocks 1A, 1B, 2A, and 2B; see Batterink et al., 2014, for a similar four

block time-course approach). Reaction times andpercentage of correct

trials were z-scored separately for each age group and the BIS was cal-

culated by condition, participant, and block. Given adults’ overall more

accurate and faster responses, we z-scored within each group rather

than across groups, which remove the main effect of group on perfor-

mance (cf. Liesefeld& Janczyk, 2019) and allows for visualizing the time

course of learning for each group on comparable scales.

Toestablish thatBISwasa sensitive indexof violationprocessing,we

first ran a basicmodel onBIS scores, including data fromall four blocks,

with condition (canonical vs. violation), age group and their interac-

tion as fixed effects and participant as a random effect. Sum coding

was used for age group and treatment coding was used for condition

(with canonical as the reference). We expected to see overall higher

BIS values for canonical trials than violation trials, indicating relatively

facilitated performance. Applying this same model with all the same

factors just described, we then conducted targeted analyses within

each session (session 1 model: data from blocks 1A and 1B; session

2 model; data from blocks 2A and 2B) to further test the hypothesis

that childrenwould showearlier-emerging sensitivity to the rulewithin

the first session when both accuracy and RT are considered. Finally, to

characterize the overall time course of learning and to pinpoint the ear-

liest emergence of rule sensitivity within each group, we conducted a

series of paired samples t-tests between the canonical and violation

conditions, within each block (1A, 1B, 2A, 2B) and age group. We pre-

dicted that a difference between canonical and violation trials would

emerge earlier in children than in adults.

2.4.2 Generalization of hidden rule (nonword
trials)

To isolate generalization of the hidden animacy rule specifically, we

excluded all nonword trials in which the explicit distance rule was

incorrectly applied (children: 14.5%; adults: 6.6%). A mixed effects

logistic regression was then conducted on the remaining trials with

animacy accuracy (determined by the article) as the dependent mea-

sure (1 = correct, 0 = incorrect), age group as a between-subjects

factor, session (1,2) as a within-subject factor, and participant and item

as a random effect. The trial number was not included due to model

fit issues. Sum coding was used for age group and session, such that

effects of age refer tomain effects across both sessions.

2.4.3 Overnight retention of rule knowledge (BIS
values)

To characterize the impact of the delay period on knowledge of the

hidden animacy rule, we ran an additional model to test for significant
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8 of 18 BERGER and BATTERINK

TABLE 1 Results of normalized RT analysis (correct trials only).

Predictors Estimates CI p

(Intercept) 0.14 0.09–0.18 <0.001

Condition[T.Violation] 0.07 −0.04–0.18 0.197

Trial −0.34 −0.48–−0.19 <0.001

Session[T.2] −0.50 −0.62–−0.39 <0.001

Age group[S.Adult] 0.10 0.06–0.14 <0.001

Condition[T.Violation]×Trial 0.06 −0.31–0.43 0.733

Condition[T.Violation]×Session[T.2] −0.25 −0.55–0.05 0.097

Trial×Session[T.2] 0.73 0.52–0.94 <0.001

Condition[T.Violation]×AgeGroup[S.Adult] −0.11 −0.21–−0.01 0.040

Trial×AgeGroup [S.Adult] −0.29 −0.44–−0.15 <0.001

Session[T.2]×AgeGroup[S.Adult] 0.24 0.12–0.36 <0.001

Condition[T.Violation]×Trial×Session[T.2] 0.26 −0.25–0.78 0.317

Condition[T.Violation]×Trial×AgeGroup [S.Adult] 0.46 0.10–0.83 0.013

Condition[T.Violation]×Session[T.2]×AgeGroup [S.Adult] 0.15 −0.14–0.45 0.306

Trial×Session[T.2]×AgeGroup[S.Adult] −0.20 −0.41–0.00 0.052

Condition[T.Violation]×Trial×

Session[T.2]×AgeGroup [S.Adult]

−0.56 −1.07–−0.04 0.033

Note: Labels within square brackets indicate treatment or sum coding [“T” or “S”] and the level associatedwith the positive value. Bolded parameters indicate

significance.Model syntax: lmer(normRT∼Condition× Trial× Session×AgeGroup+ (1|item)).

effects of the preceding delay period over and above general effects

of trial number. If the opportunity for consolidation benefits knowl-

edge of the implicit animacy rule, wewould expect to observe a sudden

increase in sensitivity to the animacy rule immediately following the

delay period, dissociable from effects of additional exposure to the

task. Thus, for this analysis, comparison of trials immediately following

the delay period relative to other trials were of particular interest. We

created a “post-delay” categorical variable, coding the block immedi-

ately following the delay period as 1 (block 2A, representing trials that

occurred immediately post-delay), with the other three blocks coded

as 0.We then conducted a linearmixed effect model on BIS values that

included interactions of block (1–4), age group and condition as fixed

factors, in addition to interactions between immediate-post-delay cat-

egory (0,1), age group and condition, with participant intercept again

modeled as a random effect. Sum coding was again used for age group

and treatment codingwas used for condition (with canonical as the ref-

erence). A significant interaction between the immediate-post-delay

variable and condition would indicate that participants showed differ-

ential sensitivity to the animacy rule immediately after thedelay period

relative to the other three blocks, which is over and above the general

effects of continued exposure to the task.

Using a similar logic, we also tested whether there was a significant

impact of the delay period on knowledge of the explicitly-instructed

distance rule by examining BIS values for canonical trials only. We

conducted a linear mixed effect model that included block (1–4),

age group and their interaction, as well as the interaction between

immediate-post-delay and age group. Age group was again sum coded,

and participant intercept was again modeled as a random effect. A

significant effect of immediate-post-delay would indicate that par-

ticipants’ explicit categorization performance immediately after the

delay period showed a divergence in performance fromwhat would be

expected based on effects of additional exposure alone.

3 RESULTS

3.1 Emergence and time-course of sensitivity to
the hidden animacy rule

3.1.1 RT analysis

RTs served as our primary dependent measure of rule learning. Our

mainmodel indicated that, across both age groups, RTs to canonical tri-

als became faster over time (Trial [within the first session]: p < 0.001;

Session: p < 0.001; see Table 1). Within the first session, the effect

of condition was not significant (p = 0.20), which may be attributed

to the large amount of variance accounted for by trial and session in

this large model. A simpler model with only condition and age group

as fixed effects and item as a random effect revealed a main effect of

condition across the experiment (estimate = 0.073, CI = 0.04–0.11,

p < 0.001, where violation trials had slower RTs than canonical tri-

als. This model revealed no main effect of age group (estimate = 0.00,

CI=−0.01–0.02,p=0.94), nor interactionbetweenagegroupand con-

dition (estimate = −0.01, CI = −0.05–0.03, p = 0.65). These results

indicate that, when considering responses across the two sessions,

both age groups showed overall sensitivity to the hidden rule.

 14677687, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/desc.13498, W

iley O
nline L

ibrary on [22/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



BERGER and BATTERINK 9 of 18

F IGURE 2 Mean (a) normalized reaction time and (b) accuracy percentage, for canonical and violation trials, averaged across 10-trial bins.
Each dot represents the groupmeanwithin a particular bin. The curved lines represent the smoothed trend for each group, session, and condition,
with the shaded error bars representing the 95% confidence interval. The vertical dotted line represents the overnight break during which sleep
occurred. This division into bins is used for visualization purposes only, as our statistical analyses modeled responses at the individual trial level.

Returning to the main model, the two age groups showed differ-

ences in the progression of the violation effect within the first session,

as indicated by a significant three-way interaction of condition, trial

and age group (p = 0.013). To follow up on this interaction, we exam-

ined the separate linear trends of trial number by condition within

each age group. In adults, there was a significant difference in slopes

between canonical and violation trials across time (contrast estimate

[canonical—violation] = −0.38, SE = 0.17; z ratio = −2.25, p = 0.025),

reflecting relatively greater facilitation over time for canonical trials. In

contrast, children showed no significant difference in slopes between

canonical and violation trials over time (contrast estimate [canonical—

violation]=−0.013, SE=0.20; z ratio=−0.064,p=0.95). As illustrated

in Figure 2a, these results indicate that adults became increasingly sen-

sitive to violations of the animacy rule as the first session progressed,

whereas in children the violation effect was present from very early on

in learning, remaining relatively stable thereafter.

3.1.2 Accuracy analysis

Accuracy served as an additional, secondary measure of rule sensi-

tivity. Overall, as expected, participants performed more accurately

for canonical than violation trials (canonical M = 70.4%, violation

M = 64.0%; p < 0.001; Table 2), providing evidence of learning the

hidden rule. Unsurprisingly, there was also a significant effect of age

group (p < 0.001), indicating that children showed significantly poorer
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10 of 18 BERGER and BATTERINK

TABLE 2 Results of accuracy analysis.

Predictors Odds Ratios CI p

(Intercept) 2.90 2.31–3.64 <0.001

Condition[T.Violation] 0.67 0.55–0.81 <0.001

Trial 1.18 0.88–1.59 0.258

AgeGroup[S.Adult] 1.60 1.28–1.99 <0.001

Session[T.2] 1.37 1.07–1.76 0.013

Condition[T.Violation]× Trial 2.02 1.00–4.08 0.050

Condition[T.Violation]×AgeGroup[S.Adult] 1.00 0.83–1.21 0.983

Trial×AgeGroup[S.Adult] 1.03 0.78–1.38 0.815

Condition[T.Violation]× Session[T.2] 2.18 1.22–3.92 0.009

Trial× Session[T.2] 0.68 0.44–1.04 0.073

AgeGroup[S.Adult]× Session[T.2] 0.68 0.53–0.86 0.002

Condition[T.Violation]× Trial×AgeGroup[S.Adult] 1.81 0.91–3.60 0.092

Condition[T.Violation]× Trial× Session[T.2] 0.20 0.07–0.53 0.001

Condition[T.Violation]×AgeGroup[S.Adult]× Session[T.2] 0.82 0.46–1.45 0.491

Trial×AgeGroup[S.Adult]× Session[T.2] 1.63 1.08–2.47 0.021

Condition[T.Violation]× Trial×AgeGroup[S.Adult]× Session[T.2] 0.69 0.26–1.84 0.459

Note: Labels within square brackets indicate treatment or sum coding [“T” or “S”] and the level associated with the positive value. Bolded parame-

ters indicate significance. Model syntax: Glmer(Accuracy ∼ Condition × Trial × AgeGroup × Session +(1|participant) + (1|noun), family = “binomial”,

glmerControl(optimizer= “bobyqa”, optCtrl= list(maxfun= 100000))).

accuracy (M = 60.4%) than adults (M = 77.5%). In addition, accuracy

for canonical trials improved from the first session to the second ses-

sion (p = 0.013). Regarding our main hypothesis about differences

in the progression of the violation effect, the condition × trial × age

group interaction did not reach significance (p = 0.092). However, we

note that the accuracy data numerically followed a similar pattern

as the RT data, with children showing a larger difference between

canonical and violation trials than adults during early learning stages

(Figure 2b).

3.1.3 BIS analysis

The RT results—our primarymeasure of hidden rule learning—indicate

that children became sensitive to the animacy rule at an earlier stage

than adults. To further characterize the emergence of hidden rule sen-

sitivity within each age group, we conducted an additional analysis

using the BIS measure, computed within each of our four previously-

defined blocks. In a full model with condition, block, and age group as

fixed effects and participant as a randomeffect, no predictorswere sig-

nificant (Table 3), likely due to the large amount of variance account

for by block. A reduced model with condition and age group as fixed

effects and participant as a random effect revealed a highly significant

effect of condition across the four blocks (estimate= 0.35, SE= 0.075,

t(390) = 4.68, p < 0.001), such that canonical trials were associated

with higher BIS scores (indicative of facilitated performance; Table 4).

This result confirms that the BIS measure captures participants’ over-

all sensitivity to the hidden rule. Children also showed a marginally

TABLE 3 Results of BIS analysis (full model).

Predictors Estimates CI p

(Intercept) −0.34 −0.77–0.08 0.116

Condition[T.Canonical] 0.26 −0.10–0.62 0.152

Block 0.07 −0.03–0.16 0.158

AgeGroup[S.Adult] 0.00 −0.43–0.43 1.000

Condition[T.Canonical]×

Block

0.04 −0.10–0.17 0.594

Condition[T.Canonical]×

AgeGroup[S.Adult]

−0.25 −0.61–0.11 0.177

Block×AgeGroup[S.Adult] 0.03 −0.07–0.12 0.585

Condition[T.Canonical]×

Block×AgeGroup[S.Adult]

0.05 −0.08–0.18 0.479

Note: Labelswithin square brackets indicate treatment or sumcoding [“T” or

“S”] and the level associatedwith thepositive value. Boldedparameters indi-

cate significance. Model syntax: Lmer(bis ∼ Condition × Block × AgeGroup

+ (1 | participant).

Abbreviation: BIS, balanced integration score.

greater BIS overall condition effect than adults (Condition × Age

Group: p= 0.087)

Given the RT finding that children became sensitive to the hid-

den rule more quickly than adults within the first session, we con-

ducted targeted analyses to further test this effect while ruling out

speed-accuracy trade-offs, taking into account both RT and accuracy

simultaneously, as provided by the BIS measure. Within the first ses-

sion (blocks 1A and 1B), children showed a significantly greater overall
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TABLE 4 Results of BIS analysis (reducedmodel).

Predictors Estimates CI p

(Intercept) −0.18 −0.54–0.18 0.337

Condition[T.Canonical] 0.35 0.20–0.50 <0.001

AgeGroup[S.Adult] 0.06 −0.30–0.42 0.725

Condition[T.Canonical]×

AgeGroup[S.Adult]

−0.13 −0.28–0.02 0.087

Note: Labels within square brackets indicate treatment or sum coding [“T”

or “S”] and the level associated with the positive value. Bolded parameters

indicate significance.Model syntax: lmer(bis∼Condition×AgeGroup+ (1 |

participant).

Abbreviation: BIS, balanced integration score.

F IGURE 3 The BIS, an integratedmeasure of speed and accuracy,
for canonical and violation trials, plotted over the four blocks for each
age group.More positive values indicate relative facilitation (higher
accuracy and faster response times). Children showed a significant
violation cost from very early on, whereas the violation effect in adults
did not reach significance until the 4th block (asterisk indicates
p< 0.05, paired sample t-test between conditions within each block).
Error bars represent standard error. BIS, balanced integration score.

violation effect than adults (condition × age group: estimate = −0.22,

SE=0.088; t(166)=2.56, p=0.011). Followupanalyseswithin the first

two blocks indicated that only children showed a significant condition

effect during the first session; the condition effect in adultswas not sig-

nificant (children: estimate = 0.58, SE = 0.13; t(77) = 4.32, p < 0.001;

adults: estimate= 0.13, SE= 0.11; t(89)= 1.16, p= 0.25; see Figure 3).

In contrast, by the second session (blocks 2A and 2B), both children and

adults showeda significant, and similar, violation effect (condition: esti-

mate=0.35, SE=0.11; t(166)=3.32, p=0.001; condition× age group:

estimate=−0.034, SE=0.11; t(166)=−0.33, p=0.74). TheBIS results

thus provide additional evidence that children became reliably attuned

to the hidden rule at an earlier point in time than adults.

Finally, we used the BIS measure within each of the four blocks to

more precisely quantify when in the learning process each age group

showed reliable sensitivity to the hidden rule, providing an overall

picture of the time course of learning that incorporates both RT and

accuracy. As expected, based on the prior RT analyses, reliable sen-

sitivity to the rule emerged early on in children. Children showed a

TABLE 5 Results of generalization analysis (nonword trials only).

Predictors Odds ratios CI P

(Intercept) 0.92 0.78–1.08 0.291

AgeGroup[S.Adult] 0.86 0.79–0.94 0.001

Session[S.1] 0.93 0.87–0.99 0.034

AgeGroup[S.Adult]×

Session[S.1]

0.99 0.93–1.06 0.809

Note: Labels within square brackets indicate treatment or sum coding [“T”

or “S”] and the level associated with the positive value. Bolded parameters

indicate significance.Model syntax: Glmer(correct∼AgeGroup× Session+

(1 | participant)+(1 | item), family= “binomial”).

significant difference in BIS between canonical and violation trials in

block 1A(t(25) = 3.44, p = 0.002), block 1B (t(25) = 4.61, p = 0.001),

and block 2B (t(25) = 3.70, p = 0.001; see Figure 3). Interestingly, the

violation effect was not significant in block 2A (t(25) = 0.18, p = 0.86),

suggesting a transient reduction in implicit sensitivity to the animacy

rule immediately following the 12-h consolidation period. In contrast,

adults showed a significant condition difference only in block 2B (i.e.,

past the halfway point of the second session; t(29) = 2.98, p = 0.006;

all p values for previous blocks ≥ 0.1). This analysis confirms that

children showed sensitivity to the violation rule at an earlier point

in learning.

3.2 Generalization of hidden rule (nonword trials)

While generalization performance on nonword trials was generally

low, children showed overall significantly higher generalization perfor-

mance than adults across both sessions (p=0.001; Table 5). In addition,

performance improved across both age groups from session 1 to ses-

sion 2 (p = 0.034). There was no significant interaction between age

group and session (p= 0.81).

One-tailed t-tests were then conducted to test whether partic-

ipants’ animacy rule generalization performance was above chance

(50%) within each of the four blocks. Children performed significantly

better than chance during block 2B (the second half of the second ses-

sion), t(442)=1.76, pone tailed=0.039, but did not achieve above-chance

accuracy on any of the other blocks (pone-tailed> 0.15). Adults did not

perform above chance in any of the four blocks (all p values > 0.9;

Figure 4).

In fact, adults (aswell as childrenduring block one) performedbelow

chance on the first three blocks, which was unexpected. We explored

this result in a supplementary analysis and found evidence that this

below-chance performance was related to an unintended in animacy

bias shown by participants for the articles gi and ul (which actually

correspond to animate items). That is, despite the fact that the novel

wordswere randomly assigned to the articles and counterbalanced, for

gi and ul, participants selected the shop more frequently than would

be expected by chance (p < 0.001). We speculate that some particular

acoustic feature(s) of these words may have led participants to asso-

ciate them with the concept of nonliving (e.g., D’Anselmo et al., 2019).
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12 of 18 BERGER and BATTERINK

F IGURE 4 Animacy accuracy for nonword trials, including only
trials in which participants made a correct explicit distance judgement.
Chance is 50%. Only children in the final block achieved above-chance
accuracy. Error bars represent standard error.

Please see Supplementary Information for more details of this analysis

and further discussion of this issue.

3.3 Rule awareness and its effect on task
performance

A relatively low number of participants were able to report any verbal-

izable knowledge about the hidden animacy rule (38% children; 23%

adults). Although a numerically greater proportion of children demon-

strated awareness of the hidden rule than adults, this difference was

not significant, X2 (1,N= 56)= 1.51, p= 0.219.

We conducted several analyses designed to test the impact of rule

awareness on task performance. Our main findings, showing a cost in

violation processing and earlier emergence of hidden rule sensitivity in

children compared to adults, weremaintained even after excluding any

participant who gained conscious awareness of the rule (see Support-

ing Information for additional information on the role of awareness on

task performance).

3.4 Retention across the delay period

Across both age groups, as indexed by BIS values, participants showed

a reduced sensitivity to the hidden animacy rule in the trials immedi-

ately following the delay period (block 2A) relative to the other three

blocks, over and above effects of continued exposure to the task (Post-

Delay × Condition: p = 0.015; Table 6). This delay-related reduction

in the violation effect did not significantly differ between children

and adults (Post-delay × Condition × Age group: p = 0.24). Follow-up

contrasts showed that the violation effect in block 2A was not signif-

icant (estimate = 0.038, SE = 0.15, t(382) = 0.26, p = 0.79), whereas

TABLE 6 Effect of delay on hidden animacy rule (BIS values).

Predictors Estimates CI p

(Intercept) −0.34 −0.77–0.08 0.111

Block Post Delay 0.64 0.41–0.88 <0.001

AgeGroup[S.Adult] 0.00 −0.42–0.42 1.000

Condition[T.Canonical] 0.26 −0.08–0.61 0.133

Block 0.00 −0.09–0.09 0.957

Block Post Delay×

AgeGroup[S.Adult]

−0.38 −0.61–−0.14 0.002

Block Post Delay×

Condition[T.Canonical]

−0.42 −0.75–−0.08 0.015

AgeGroup[S.Adult]×

Condition[T.Canonical]

−0.25 −0.59–0.10 0.158

AgeGroup[S.Adult]×Block 0.06 −0.03–0.16 0.176

Condition[T.Canonical]×

Block

0.08 −0.05–0.21 0.241

Block Post Delay×

AgeGroup[S.Adult]×

Condition[T.Canonical]

0.20 −0.13–0.54 0.235

AgeGroup[S.Adult]×

Condition[T.Canonical]×

Block

0.03 −0.10–0.16 0.682

Note: Labels within square brackets indicate treatment or sum coding [“T”

or “S”] and the level associated with the positive value. Bolded param-

eters indicate significance. Model syntax: Lmer(bis ∼ Block_post_delay ×

AgeGroup*Condition+Block×AgeGroup×Condition+ (1 | participant).

Abbreviation: BIS, balanced integration score.

it was significant across the other three blocks (estimate = 0.45,

SE= 0.083, t(382)= 5.49, p< 0.001). Altogether, these results suggest

that participants in both age groups showed a transient reduction or

destabilization in their representation of the hidden animacy rule after

the 12-h delay period.

Next, we examined consolidation of the explicit distance rule

by analyzing BIS values for canonical trials only. Across both age

groups, performance was facilitated for the block immediately follow-

ing the delay period relative to the other three blocks (Post-Delay:

p = 0.016; Table 7), which occurred over and above the general facil-

itation by block (Block: p = 0.027). In addition, this delay-related

boost in performance differed marginally between children and adults

(p= 0.063). Follow-up contrasts showed that children showed a signif-

icant delay-related boost in explicit categorization performance, over

and above effects of additional exposure (estimate = 0.40, SE = 0.14,

t(164) = 2.95, p = 0.004; Figure 3). In contrast, adults did not show a

significant boost in performance for trials that occurred immediately

post-delay (estimate= 0.053, SE= 0.13, t(164)=−0.42, p= 0.68).

4 DISCUSSION

Our results demonstrate that children possess advantages in real-

time language learning, supporting our primary hypothesis.While both

children and adults gained sensitivity to the hidden linguistic rule,
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TABLE 7 Effect of delay on instructed distance rule (BIS values,
canonical trials only).

Predictors Estimates CI P

(Intercept) −0.08 −0.48–0.31 0.688

Block Post Delay 0.23 0.04–0.41 0.016

AgeGroup[S.Adult] −0.25 −0.64–0.15 0.218

Block 0.08 0.01–0.15 0.027

Block Post Delay×

AgeGroup[S.Adult]

−0.17 −0.36–0.01 0.063

AgeGroup[S.Adult]×

Block

0.09 0.02–0.16 0.013

Note: Labelswithin square brackets indicate treatment or sumcoding [“T” or

“S”] and the level associatedwith thepositive value. Boldedparameters indi-

cate significance.Model syntax: Lmer(bis∼Block_post_delay×AgeGroup+

Block×AgeGroup+ (1 | participant).

Abbreviation: BIS, balanced integration score.

as demonstrated by slower RTs and decreased accuracy to violation

trials compared to canonical trials, we found that sensitivity to the

hidden rule emerged more quickly in children than adults. Children

showed a processing cost for violation trials from very early on in

learning, whereas adults did not show a violation cost initially but

became increasingly more sensitive to the hidden rule as the task

progressed. On our integrated measure of speed and accuracy (the

BIS), the violation cost in children was significant from the first block,

but reached significance in adults only in the final block. This over-

all violation cost was also significantly greater in children than adults

within the first session, and marginally greater across both sessions.

Children also outperformed adults on generalization of the hidden

animacy rule, eventually classifying nonword trials along their hid-

den animacy dimension at above-chance levels. In contrast, adults as

a group failed to generalize the hidden animacy rule to nonwords at

any point during the task.Overall, these findings suggest that children’s

superior language attainment is partially driven by their ability tomore

rapidly extract hidden linguistic structures from input during real-time

language exposure.

4.1 Children demonstrate linguistic rule learning
advantages over adults

Our results provide strong support for the idea that children have a

true advantage for learning linguistic regularities—not only in terms

of their ultimate attainment levels, but also in terms of their rate of

learning.While the idea that children are faster language learners than

adults represents a pervasive popular belief, there is surprisingly little

empirical evidence to directly support this view. As mentioned previ-

ously in the Introduction, most studies comparing adults and children’s

learning under equivalent conditions show that adults—not children—

learn language more quickly during initial learning stages (Asher &

Price, 1967; Ferman & Karni, 2010; Hudson Kam & Newport, 2009;

Krashen et al., 1979; Lichtman, 2016; Long, 1990; Snow & Hoefnagel-

Höhle, 1978); the study by Smalle and colleagues (2017) represents

a recent exception). Nonetheless, because children eventually surpass

adults in the acquisition of grammar and phonology, both classic and

current theories have suggested that children rely on different and

possibly more efficient learning mechanisms that ultimately enable

them to better acquire implicit or procedural aspects of language (e.g.,

DeKeyser, 2000; Kareev, 1995; Lenneberg et al., 1967;Newport, 1990;

Paradis, 2009; Thiessen et al., 2016; Ullman, 2001, 2004, 2005). Our

results provide novel evidence in support of these views, showing

that there are developmental differences in real-time learning ability

underlying the acquisition of abstract, hidden linguistic structures.

The current paradigm incorporated an explicitly instructed rule (i.e.,

the distance rule) alongside an undisclosed rule that was not directly

relevant to the assigned experimental task (i.e., the animacy rule).

Adults showed a clear advantage in classifying phrases according to

the instructed rule (as demonstrated by their overall better accuracy

aswell as faster reaction times), while children become sensitive to the

hidden, uninstructed rule more quickly. This age-related dissociation

closely resembles a number of related findings showing that children

process and learn task-irrelevant information better than adults (e.g.,

Blanco & Sloutsky, 2019; Decker et al., 2015; Jung et al., 2023; Ple-

banek & Sloutsky, 2017). In one study, young children (ages 4–5) and

adults were asked to perform a visual search task in which stimuli had

a task-relevant dimension and task-irrelevant dimensions, and then

tested on their memory for these stimuli. Compared to adults, chil-

dren showed better recognition of stimuli with irrelevant features

(Plebanek & Sloutsky, 2017). In a related study, participants engaged

in a probabilistic learning task, in which they were falsely instructed

that one stimulus had a high likelihood of being rewarded, when in

actuality it did not. Adults showed a stronger bias towards select-

ing the stimulus with the false instruction, while adolescents (13–17

years) and children (6–12years)morequickly abandoned this incorrect

information as they learned the true probabilities through experience

(Decker et al., 2015). Recent fMRI evidence underscores these results,

showing that children (7–9 years) represent both task-relevant and

task-irrelevant information in visual cortex to a similar extent, unlike

adults who prioritize task relevant information much more strongly

(Jung et al., 2023). Taken together, these results suggest that adults

may be at times “hyper-focused” on the task at the hand, at the cost

of processing information that is external to their assigned task. In

contrast, children’s more diffuse focus of attention may lead them to

process irrelevant information more deeply, which may in turn result

in greater incidental learning of extraneous information. The current

results can clearly be understood within such a framework. Adults in

the current study may have focused narrowly on the assigned task

(i.e., “sort items according to the distance rule”), whereas children may

distribute their attention more broadly, thereby processing seemingly

irrelevant information that enabled them to better extract the hidden,

secondary rule.

The current findings also closely parallel those from a recent study

that compared children and adults’ learning of phonotactic constraints

(Smalle et al., 2017). In that study, 9–10-year-old children showed

reliable evidence of learning second order phonotactic constraints
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within the first day of training, after exposure to only 24 novel word-

form sequences. In contrast—and as in the current study—adults only

showed evidence of learning by the second session, after a delay period

containing sleep. Additional findings from adult studies confirm the

idea that sleep may promote, or even be necessary, for phonotactic

learning to occur past childhood. Gaskell et al. (2014) found that adults

who slept, but not those who stayed awake, showed evidence of learn-

ing phonotactic constraints. Another study in adults tested whether a

period of consolidation benefits phonotactic constraint learning over

and above more exposure to the regularities (Warker, 2013). The

authors found that a consolidation period resulted in a greater learning

benefit than a longer initial training session. Our results extend these

findings from the phonotactic constraint literature to a novel linguis-

tic paradigm, supporting the idea that children can learn linguistic rules

after only a brief period of exposure, whereas adults may require addi-

tional exposureand/or aperiodof consolidation to stabilize this implicit

knowledge.

An additional parallel can be drawn to changes in motor learning

and perceptual learning that occur across development. Evidence from

motor learning paradigms suggests that after initial learning, children’s

procedural memories stabilize very rapidly and can then be imme-

diately expressed as improved performance (Adi-Japha et al., 2014;

Ashtamker & Karni, 2013). In contrast, adults’ procedural memories

remain susceptible to inference for several hours after learning and

stabilize over a longer time period (Adi-Japha et al., 2014; Dorfberger

et al., 2007), a process that may depend on sleep (Korman et al., 2007).

Similarly, it was also recently shown that children’s visual perceptual

learning stabilizes very rapidly after training and is highly resilient to

retrograde interference, whereas adults’ perceptual learning is much

more fragile, remaining highly susceptible to interference for at least

1 h after training. This rapid stabilization is children is supported by

a rapid boost of GABA in visual cortex during training, an effect not

seen in adults (Frank et al., 2022). In the current paradigm, the inter-

mittent violation trials may be considered a form of interference, and

may have more strongly disrupted adults’ ability to extract the hid-

den animacy rule during real-time learning, relative to children. One

intriguing proposed idea is that the mechanisms underlying rapid pro-

cedural memory consolidation in children can be recruited by children

in the awake state, but are engaged by adults only during sleep (Adi-

Japha et al., 2014; Wilhelm, Prehn-Kristensen, Born, 2012). Such an

idea fits well with the current findings, where reliable evidence of

rule sensitivity emerged early on during learning in children, but not

until after a period containing sleep in adults (see BIS analysis). How-

ever, we should note that our design does not allow us to directly

disentangle the effects of additional exposure to the rule from effects

of consolidation. Both additional rule exposure and the opportunity

for consolidation may have contributed to the eventual emergence of

implicit rule sensitivity in adults during the second session.

In addition to showing overall greater sensitivity to the hidden

rule, children also showed better rule generalization performance than

adults, more accurately indicating the correct animacy when a novel

article was presented with a meaningless nonword (e.g., ro badupi).

While generalization performance in both groups was generally poor,

children did eventually achieve above chance generalization perfor-

mance in the final block, whereas adults failed to reach above-chance

generalization performance at any point. This result provides con-

verging evidence of children’s advantage for learning hidden linguistic

structures.

Alongwith assessing generalization ability, nonword trialswere also

initially intended to provide an online index of rule awareness; we rea-

soned that participants who gained explicit insight into the hidden rule

during learning would show a sudden jump in accuracy on these trials,

performing at or near ceiling. Consistent with this reasoning, we did

find that participants who gained awareness of the rule showed sig-

nificantly higher accuracy on nonword trials compared to participants

who remained unaware (see Supporting Information). However, even

participants classified as “rule-aware” based on their responses on the

post-experiment interviewdid not necessarily consistently use the ani-

macy rule to guide their decisions for nonword categorization. Overall,

performance on nonword trialswas lowoverall and variable at the indi-

vidual level, and thus ultimately could not serve as a reliablemeasure of

an individual’s awareness of the rule.

We also found low rates of rule awareness as assessed by verbal

reports during the post-experiment interview, with only 38% of chil-

dren and 23% of adults reporting explicit knowledge of at least one

of the four articles. This is fewer than in the previous Batterink et al.

(2014) study, in which about half of the adult participants became

aware of the hidden rule. Our lower rates of rule awareness may be

due to task differences, as participants in our study made concurrent

(rather than sequential) animacy and distance judgements, possibly

giving them less opportunity to consider animacy as a potentially rel-

evant, isolated factor. An additional possible factor is that the current

paradigm included violation trials as well as nonword trials, such that

canonical trials represented only ∼70% of the total number of trials

(rather than ∼86% in Batterink et al., 2014). This may have made it

more difficult for participants to extract the probabilistic hidden ani-

macy rule, preventing many participants from becoming aware of the

rule (and from successfully generalizing the rule) during the training

period. More broadly, these findings highlight that artificial language

paradigms, including the current task, are generally designed to model

one particular aspect of language learning in isolation and over a

short period of time. A clear and comprehensive picture of children’s

language learning ability will emerge by taking into account both lab-

oratory learning approaches as well as ecological studies on age of

acquisition effects in second language learners (as reviewed in the

Introduction).

A potential limitation of our design is that only children were mon-

itored by an experimenter over Zoom during the experimental task,

while adults completed the taskwithoutmonitoring.We reasoned that

some children may have difficulty progressing through the somewhat

long and repetitive task and may benefit from experimenter guidance,

whereas adults should be easily able to complete the task indepen-

dently. By monitoring the children via Zoom, we hoped to improve

their performance for the assigned task, better equating performance

for the explicitly instructed rule between the two groups. While we

consider it unlikely that this difference could contribute to our main
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findings regarding age differences in hidden rule learning, future stud-

ies should consider keeping this aspect of the procedure the same

between the two groups.

4.2 No evidence for retention advantages or
differences in children

Turning to our retention-related analyses, both children and adults

showed a delay-related decrease in sensitivity to the hidden animacy

rule, as revealed by comparing the BIS violation effect for block 2A to

the other three blocks. Notably, children showed a significant violation

effect in the first two blocks, but not in the block immediately follow-

ing the delay period, such that there is evidence in children (but not

in adults) for a true transient destabilization of existing hidden rule

knowledge over the 12-h delay. In contrast, for the explicit distance

rule, we found that children showed a delay-related boost in perfor-

mance, whereas adults showed relatively stable performance over the

delay period, with no significant delay-related change.

The pattern of results shown by children in block 2A are especially

striking (Figure 3), demonstrating a clear boost in explicit distance

rule performance alongside a transient decrease in implicit sensitiv-

ity to the hidden animacy rule. Though our design does not allow

for testing the role of sleep directly, these results align with the

idea that children’s uniquely rich slow-wave sleep may preferentially

consolidate explicit or declarative memories, while preventing consol-

idation of implicit or procedural memory, as typically seen in adults

(Fischer et al., 2007; Giganti et al., 2014; Henderson et al., 2012;

Wilhelm et al., 2008; Wilhelm, Prehn-Kristensen, Born, 2012). This

memory consolidation trade-off in children has been demonstrated

previously using motor-based tasks such as the serial reaction time

task, but to our knowledge has not been previously reported within

a language learning context. Given that children appear to rapidly

discover linguistic patterns during real-time language exposure, with-

out requiring any period of offline consolidation (as evidenced by

our rate-based analyses), it is likely that children’s overall language

development benefits from this trade-off, whereby priority for offline

consolidation is given to declarative aspects of language, such as

vocabulary.

In adults, we found no significant evidence of an overall gain in

sensitivity to the hidden rule across the delay period. This result was

somewhat unexpected, as in our previous nap study, we found that

adult nappers with longer durations of both slow-wave and rapid eye

movement sleep showed an increase in sensitivity to the hidden rule

over the nap period (Batterink et al., 2014). However, adults in the cur-

rent study did not show reliable sensitivity to the animacy rule until

the second half of the second session (block 2B; Figure 3). Thus, one

possibility is that adults’ learning of animacy rule prior to the delay

period was too weak or unstable to benefit from sleep-related con-

solidation. This explanation follows from Stickgold’s (Stickgold, 2009)

theory that the extent of memory consolidation depends on its initial

strength, and follows an inverted U-shaped curve, where intermediate

levels of performance show the greatest benefit from sleep-dependent

consolidation (for additional evidence for this idea, see Cairney et al.,

2016; Creery et al., 2015;Wilhelm,Metzkow-Mészàros et al., 2012).

Finally, based on some prior findings (Wilhelm et al., 2013), we had

originally hypothesized that children may show a stronger likelihood

of becoming explicitly aware of the underlying rule after the delay

period, relative to adults. However, we did not find evidence to support

this hypothesis; although children did show better generalization per-

formance than adults (Figure 4), this advantage was not significantly

different between the first and second session. As described previ-

ously, low overall generalization performance precluded us from being

able to use performance on nonword trials as a good measure of rule

awareness.

4.3 Conclusion

While children are disadvantaged compared to adults on most high-

level cognitive tasks, there are several domains—including ultimate

attainment of grammatical rules—where children have been found to

outperform adults (Gualtieri & Finn, 2022). Here, we found that chil-

dren rapidly gained sensitivity to a novel, hidden grammatical rule and

were able to generalize this rule to novel words without semantic

meaning. In contrast, adults showed reliable sensitivity to the rule only

after extended exposure to the artificial article system and a period

of consolidation. These findings provide insight into the nature of the

critical period for language acquisition, supporting the view that chil-

dren have an advantage in their ability to implicitly acquire linguistic

rules during real-time language exposure. We found no evidence that

offline consolidation processeswere responsible for this advantage. By

demonstrating that children learned more rapidly than adults under

equivalent learning conditions, our results indicate that children’s long-

term superiority for language cannot be driven solely by social and

environmental factors, but to differences that are intrinsic to younger

learners. Children’s intrinsic advantage for language learning is likely to

stemboth fromtheir (reduced) prior experience aswell asmaturational

factors (Siegelman et al., 2018; Thiessen et al., 2016;Werker&Hensch,

2015).
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ENDNOTE
1However, we note that during the course of implicit learning, explicit

or consciously-accessible knowledge may develop in parallel. The devel-

opment of conscious knowledge is optional, may be sporadic, and

can often be dissociated experimentally from implicit knowledge (e.g.,

Batterink et al., 2015; Esser et al., 2022; Higham, 1997; Lieber-

man et al., 2004; Meulemans & Van der Linden, 1997; Vokey &

Brooks, 1992; Willingham & Goedert-Eschmann, 1999; Willingham et al.,

2002).
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