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Abstract

The relation between statistical learning and working memory in children with
developmental dyslexia (DD) remains unclear. This study employed a distributional
and a conditional statistical learning experiment and a working memory task
to examine this relation in 651 Chinese 6- to 12-year-olds with and without DD
(Npp=199, 101 females; N, ,,=452, 227 females; participated 2014-2019). Results
showed working memory positively associated with recognizing high-predictable
and familiar items in both groups, but negatively associated with recognizing
unfamiliar items in the DD group only. These findings uncovered the complex
interplay between statistical learning and working memory, demonstrating how
different working memory abilities in children with and without DD relate to
various statistical learning mechanisms at the item level.
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Statistical learning is a basic cognitive process that
enables individuals to detect and retain recurring dis-
tributional (e.g., frequency) and conditional (e.g., co-
occurrence probability) patterns in their environment
(Saffran, 2002; Thiessen, 2017). This process plays a
critical role in reading acquisition, especially for chil-
dren with developmental dyslexia (DD; for a review, see
Leeet al., 2022), a condition characterized by persistent
difficulty in learning to read despite adequate intelli-
gence and educational opportunity (Lyon et al., 2003).
An increasing number of studies have shown that chil-
dren with DD exhibit deficits in learning distributional
(e.g., Tong et al., 2020) and conditional (e.g., Gabay
et al., 2015) regularities compared to their typically de-
veloping (TD) peers. Furthermore, statistical learning

is closely related to working memory, with greater
working memory capacity expanding the processing
“window” for individual input, thereby enabling more
efficient statistical learning processes (Janacsek &
Nemeth, 2013). However, it remains unclear whether
the statistical learning deficits in children with DD
relate to their insufficient (Gray et al., 2019) but age-
increasing working memory capacities (Alloway &
Alloway, 2013). To address this question, we explored
the relation between working memory and statisti-
cal learning by examining the extent to which work-
ing memory is associated with statistical learning in
Chinese children with and without DD across different
ages and item characteristics in distributional and con-
ditional statistical learning tasks.

Abbreviations: 2AFC, two-alternative forced-choice; DD, developmental dyslexia; EEG, electroencephalography; SES, socioeconomic status; TD, typically

developing.
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Distributional statistical information, which describes
the frequency and the central tendency of patterns, is
particularly evident in Chinese character orthography.
One typical example is the predictability of a radical's
position in a character, which varies along a continuum
(e.g., He & Tong, 2017; Tong et al., 2020). Some radicals
consistently appear in a specific position, such as the
radical ¥, which always occurs on the left in all left—
right-structured characters (e.g., ¥, L, ¥, 1, ¥, %, #E,
1, #, 18, #%, #0), resulting in a 100% predictability of
its primary position. In contrast, other radicals exhibit
variability in their position. For example, the radical
appears on the left in 38 of 65 characters (e.g., L, ¥, &,
#r, #F), but it can also occur on the right (e.g., P, 8, &,
%, #), top (e.g., %, #), and bottom (e.g., =, #L), result-
ing in a 58.5% predictability of its primary (i.e., left) posi-
tion (Tseng et al., 2018). In previous studies, an artificial
orthography learning paradigm was utilized to simulate
the quasi-regularities observed in Chinese radicals. This
paradigm involved manipulating the occurrence of a
radical in its primary position with varying probabili-
ties (high: 100%, moderate: 75%, and low: 50%) among a
set of pseudocharacters. The findings from these studies
demonstrate that children exhibit sensitivity to these dis-
tributional statistics, as evidenced by greater recognition
rates for high-predictable pseudocharacters compared
to moderate-predictable or low-predictable ones (e.g., He
& Tong, 2017; Tong et al., 2020).

In contrast, conditional statistical information re-
fers to the co-occurrence probabilities of subsequent
elements, or the transitional probability of a second ele-
ment (e.g., English syllable /py/) given the occurrence of
a first element (e.g., English syllable /hap/, as in “happy™;
Saffran et al., 1996). A widely used approach to studying
conditional statistics is the visual triplet learning para-
digm (Arciuli & Simpson, 2011, 2012). In this paradigm,
learners are exposed to a continuous stream of recurring
visual triplets, where the transitional probabilities of two
consecutive stimuli within and between triplets are 100%
and 33%, respectively. Successful learning occurs when
learners discriminate the triplets from foils in a subse-
quent two-alternative forced-choice (2AFC) task.

Extensive research has been conducted on both dis-
tributional and conditional statistical learning in in-
dividuals with DD, yielding a wide array of findings.
In terms of distributional statistical learning, Lee and
Tong (2020) found that Chinese children with DD made
more radical position errors in a Chinese word dictation
task than their TD peers, indicating impaired learn-
ing of radical positional distributions. Moreover, Tong
et al. (2020) showed that, although children with DD's
overall performance was comparable to their TD peers
in learning positional regularity of artificial pseudo-
characters, they exhibited lower accuracy in recognizing
high- and low-predictable radical positions in left-right-
structured pseudocharacters compared to top—bottom
ones, suggesting item-specific difficulties. These findings

highlight the complexity of statistical learning abilities
in individuals with DD and the importance of consider-
ing task-specific factors.

Similarly, the results of conditional statistical learn-
ing in individuals with DD have been mixed. Some
studies have shown impaired learning in individuals
with DD (e.g., Sigurdardottir et al., 2017), while others
have reported intact learning (e.g., van Witteloostuijn
et al., 2019). Furthermore, deficits in DD have been ob-
served in specific conditions, such as a high topological
entropy condition of the artificial grammar paradigm
(Schiff et al., 2017) and the delayed recall session of a
serial reaction time task (Ballan et al., 2023). These
findings suggest significant variations in the statistical
learning abilities of individuals with DD across different
contexts, potentially influenced by other cognitive func-
tions, particularly working memory.

Working memory capacity, or the ability to tempo-
rally store and process a maximum number of items
(Cowan, 1998), is posited to influence both distributional
and conditional statistical learning. According to the
extraction and integration framework, working mem-
ory supports conditional statistical learning by chunk-
ing co-occurrent elements (Erickson & Thiessen, 2015).
Additionally, Conway (2020) argued that working
memory and selective attention to certain stimuli or
characteristics enable individuals to learn temporal
sequences. This notion was supported by studies that
found a positive association between working memory
and conditional statistical learning performance when
manipulating transitional statistics (e.g., Jongbloed-
Pereboom et al., 2017), although some studies have re-
ported no correlation (e.g., Frost et al.,, 2013; Kalra
et al., 2019). Furthermore, recent research suggests that
working memory is also associated with distributional
statistical learning of the positions of elements (Saito
et al., 2020). Based on these theories, the present study
tested the connection between working memory capacity
and statistical learning of distributional and conditional
statistics by employing an artificial orthography learn-
ing experiment (Figure la) and a visual triplet learning
experiment (Figure 1b), respectively, in children with
and without DD.

Two hypothetical models have identified item char-
acteristics as a potential factor influencing the rela-
tion between working memory and statistical learning
(Conway, 2020; Lee et al., 2022). Conway (2020) sug-
gested that complex or hierarchical structure requires
more explicit processing, which relies on working mem-
ory. Similarly, in the statistical learning and reading
model, Lee et al. (2022) postulated that the procedural
and declarative memory systems interact dynamically,
with working memory functioning as a buffer sys-
tem regulated by input characteristics such as predict-
ability. Predictability refers to an item's or a feature's
likelihood of predicting the occurrence of another.
Studies on artificial orthography learning have shown
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FIGURE 1

Design and procedure of the two statistical learning experiments. (a) The distributional artificial orthography learning

experiment exposed children to a series of pseudocharacters carrying high (100%), moderate (80%), and low (60%) levels of positional
predictability in the learning phase; children were shown familiar and unfamiliar pseudocharacters and asked to determine whether the
pseudocharacter appeared in the learning phase. (b) The conditional visual triplet learning experiment presented children with a series of
cartoon aliens that contained four fixed triplets. Following the learning phase, children had to choose the familiar sequence from a choice of

two.

that low-predictable pseudocharacters carrying low-
predictable target radicals create a higher working
memory load compared to high-predictable ones. This
is supported by an electroencephalography (EEG) study
showing that a larger P300 component was elicited by
low-predictable pseudocharacters, indicating increased
cognitive demands (Tong et al., 2023). Thus, in our ar-
tificial orthography learning experiment, we expected a
stronger relation between statistical learning and work-
ing memory on low-predictable items compared to high-
predictable items.

Another item characteristic, familiarity, which re-
fers to the similarity between a new input and prior
experiences, is also a factor that could potentially in-
fluence the association between statistical learning
and working memory. For instance, in an artificial
grammar learning study, imposing a working mem-
ory load impaired the expression of the learned gram-
mar when the items (e.g., XXVXJJ) were tested in a
novel context (e.g., FFNFCC), highlighting the need

for working memory resources when processing unfa-
miliar information (Hendricks et al., 2013). In our ar-
tificial orthography learning experiment, we examined
the impact of familiarity on the association between
statistical learning and working memory by compar-
ing the recognition of familiar and unfamiliar items.
Furthermore, since previous studies using auditory
triplet learning experiments found a better recogni-
tion when a familiar triplet rather than an unfamiliar
one was presented first during the 2AFC test (Raviv
& Arnon, 2018; Shufaniya & Arnon, 2018), we inves-
tigated the impact of familiarity in our visual triplet
learning experiment by comparing the recognition of
items in two presenting orders: familiar—unfamiliar
and unfamiliar—familiar.

In addition to item characteristics such as predictabil-
ity and familiarity, another factor that may contribute to
the mixed results between working memory and statisti-
cal learning in individuals with DD is their adoption of
an exploration strategy. This strategy involves allocating
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more resources to unknown information, in contrast to
an exploitation strategy that prioritizes the application
of acquired knowledge (Taylor & Vestergaard, 2022;
Zhang et al., 2023). Together, both strategies form a dual
mechanism that manages the utilization of limited re-
sources, balancing the search for new information (i.e.,
exploration) and the application of established knowl-
edge (i.e., exploitation; Frankenhuis & Gopnik, 2023;
Gopnik, 2020). Due to their low working memory capac-
ity, individuals with DD struggle to effectively utilize (ex-
ploit) local cues to retrieve information from long-term
memory. Instead, they adopt an exploration strategy by
seeking relevance and connections among items (Taylor
& Vestergaard, 2022). For instance, an EEG study in-
dicated that individuals with DD allocated attentional
resources not only to high-predictable items but also to
low-predictable items, suggesting a broader focus com-
pared to TD individuals (Singh et al., 2018). Based on
this theoretical and empirical evidence, we hypothesized
that children with DD would allocate more resources to
unknown information (e.g., low-predictable and unfa-
miliar items) relative to acquired knowledge (e.g., high-
predictable and familiar items).

Moreover, the influence of age on the relation be-
tween statistical learning and working memory in chil-
dren with DD remains unexplored. Statistical learning
is recognized as a multi-faceted construct that relies
on implicit and explicit mechanisms (e.g., Batterink
et al., 2015; Weinberger & Green, 2022), which change
throughout the lifespan to optimize learning at different
developmental stages (e.g., Bo et al., 2012; Daltrozzo &
Conway, 2014; but see Siegelman & Frost, 2015). Notably,
statistical learning occurs in infancy when working
memory ability is still immature (Emberson et al., 2019;
Kirkham et al., 2002; Saffran et al., 1996), suggesting
that it may rely more on bottom-up mechanisms rather
than working memory at an early age. As the attention-
dependent system of working memory develops, sta-
tistical learning may increasingly involve more explicit
memory resources and top-down mechanisms. This is
supported by evidence showing that age-related declines
in working memory are associated with a reduction in
chunk length during sequence learning (Bo et al., 2009).

As indicated by the exploration and exploitation
mechanisms, the item-regulated association between sta-
tistical learning and working memory may also vary with
age. As high working memory capacity facilitates the
employment of an exploitation strategy, age-increased
working memory may lead to a developmental shift from
an exploration to an exploitation strategy (Frankenhuis
& Gopnik, 2023; Taylor & Vestergaard, 2022). This
means that children may allocate more working memory
resources to high-predictable and familiar items than to
low-predictable and unfamiliar items as they grow older.
However, this pattern may be less apparent in children
with DD due to their preference for an exploration strat-
egy and their consistently lower working memory. To test
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this assumption, we investigated the allocation of work-
ing memory resources to specific items in children with
DD from 6 to 12years old, a period of steady develop-
ment of working memory capacities.

In sum, this cross-sectional study addressed two re-
search questions by conducting two statistical learning
experiments on and administering one working memory
task to 6- to 12-year-old Chinese children with DD and
their TD peers. The first question investigated whether
children with DD exhibited a different relation between
statistical learning and working memory than their TD
peers. This relation was assessed by examining the pre-
dictive effect of working memory capacity on statistical
learning using generalized linear mixed models (confir-
matory analyses). Given the lower working memory ca-
pacity of children with DD and its potential role in their
statistical learning deficits (Lee et al., 2022), we expected
a stronger effect of working memory in children with DD
compared to their TD peers.

Our second research question examined the strength
of the association between statistical learning and
working memory among children with DD compared
to their TD peers, specifically in relation to item char-
acteristics (i.e., predictability and familiarity) and age.
This was assessed by analyzing the possible interaction
effects of working memory with item characteristics,
age, and reading status (confirmatory analyses). Based
on previous evidence indicating the role of working
memory in statistical learning under different contexts
(Daltrozzo & Conway, 2014; Hendricks et al., 2013;
Tong et al., 2023), we predicted for both groups a stron-
ger association between working memory and statisti-
cal learning for (1) low-predictable items compared to
high-predictable items, and unfamiliar items compared
to familiar items, in the recognition task of the distri-
butional statistical learning experiment; and (2) unfa-
miliar—familiar items compared to familiar—unfamiliar
items in the 2AFC task of the conditional statistical
learning experiment. Furthermore, as age increased,
we hypothesized that these interaction effects would
decrease. Similar effects of item characteristics would
be observed for children with DD, but without an age-
related decrease.

METHOD
Participants

Participants were 651 native Cantonese-speaking 6- to
12-year-old children in Grades 1 to 6: 199 children with DD
(Mage:9years Omonths; 101 females, 98 males) and 452 TD
children (Mage:8years 11 months; 227 females, 225 males).
All children studied in Hong Kong mainstream primary
schools and learned to read in Chinese and English
simultaneously. Written informed consent was obtained
from parents or caregivers, and the children received a
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compensation fee for participating. The data collection
process was conducted from 2014 to 2019. This study was
approved by the Human Research Ethics Committee at
the corresponding author's university.

The inclusion criteria for the DD group were that chil-
dren (1) were formally diagnosed by a clinical or educa-
tional psychologist, and (2) did not have comorbidity with
another learning difficulty or disorder, such as attention
deficit hyperactivity disorder, autistic spectrum disor-
der, hearing loss, or developmental language disorder.
During the time of this study, Hong Kong's diagnosis of
Chinese children with dyslexia was based on three liter-
acy tests (i.e., Chinese character recognition, one-minute
word reading, and word dictation) and four cognitive tests
(i.e., rapid digit naming, phonological awareness, pho-
nological memory, and orthographic knowledge) from
the Hong Kong Test of Specific Learning Difficulties in
Reading and Writing for Primary School Students—sec-
ond edition (Ho et al., 2007). Students were identified as
having dyslexia when they had an IQ of 85 or above but
scored one standard deviation below average for both
the literacy composite score and at least one of the cog-
nitive composite scores. Our exclusion criteria for TD
children involved a history of learning or developmental
disorders, significant reading difficulties, cognitive im-
pairments, non-fluency in Chinese, and significant phys-
ical or sensory impairments.

Participants' nonverbal intelligence was assessed using
the 30-item standardized matrix reasoning test from
the Wechsler Abbreviated Scale of Intelligence—second
edition (Wechsler, 2011). Socioeconomic status (SES)
was measured using parent-reported family income per
month on a 6-point scale (1=Iess than 10,000; 2=10,000—
20,000; 3=20,000-30,000; 4=30,000-40,000; 5=40,000—
50,000; and 6=more than 50,000 Hong Kong dollars)
and parents' education level on an 8-point scale (1=no
primary school education; 2=some primary school ed-
ucation; 3=primary school graduate; 4=middle school
graduate; 5=high school graduate; 6=associate degree;
7=university or college degree; and §=graduate or pro-
fessional degree). Based on the reported data from 174
parents of DD children and 425 parents of TD children,
the mean SES (an average score of family income and
parents' education level) was lower for children with DD
(M=5.19, SD=1.21) than for their TD peers (M=5.48,
SD=1.21), p=.008. However, the effect size was small
(Cohen's d=0.24), indicating the negligible difference in
SES between the two groups.

Artificial orthography learning experiment
Stimuli
The learning stimuli consisted of 60 pseudocharacters,

divided into 30 left-right-structured and 30 top—bottom-
structured sets. These pseudocharacters were created by

combining six target radicals and five control radicals
from pictographic Dongba and syllabic Geba scripts
that were used by the Naxi minority in western China
during the 17th century and were unfamiliar to the par-
ticipants. Each pseudocharacter comprised one target
radical and one control radical. Children were randomly
assigned to either the left-right or the top—bottom struc-
ture condition.

Within each structure (left-right or top—bottom), the
target radical was at a dominant position (half were on
the left or top and the other half on the right or bottom)
with high (100%), moderate (80%), or low (60%) probabil-
ities in five, four, and three pseudocharacters among all
five pseudocharacters containing that target radical, re-
spectively. Each control radical occurred equally at both
positions across the 30 pseudocharacters.

Thirty testing pseudocharacters for each structure
were generated for the recognition test. Half (i.e., 15)
were familiar items selected from the 30 learning pseu-
docharacters, and the other half were unfamiliar items
created by switching the positions of the two radicals of
the learning items. As a result, participants were tested
on two levels of familiarity for the items—familiar and
unfamiliar. Furthermore, testing items were equally
selected from the three predictability levels (i.e., high,
moderate, and low).

Procedure

Children completed consecutive learning and testing
phases (Figure la). During the learning phase, children
were shown pseudocharacters one at a time, with each
one displayed for 1,200 ms with a 200ms interstimulus
interval. Each pseudocharacter was repeated 20 times,
resulting in 600 trials. Children were not informed of
any patterns or regularities in the stimuli and performed
a cover task by pressing the SPACEBAR as quickly as
possible when a pseudocharacter appeared twice in
a row. In the testing phase, they identified whether a
pseudocharacter was previously shown in the learning
phase by pressing the “yes” or “no” key. The presentation
order was pseudorandomized, and there was no response
time limit.

Visual triplet learning experiment
Stimuli

Employing a modified visual triplet learning paradigm
(Arciuli & Simpson, 2012), 18 novel cartoon figures of
colored aliens that did not resemble any real objects
were created to eliminate verbal memorization and
familiarity effects. Twelve aliens (A-L) constituted four
triplets (ABC, DEF, GHI, and JKL), and the other six
aliens were used for practice trials. Four new triplets
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(AEI, DHL, GKC, and JBF) were added as foils in the
2AFC test.

Procedure

The experiment was divided into two phases, a learning
phase and a 2AFC test (Figure 1b). During the learning
phase, children were shown a series of aliens, each ap-
pearing for 400 ms with a 200 ms interstimulus interval.
A triplet consisted of three aliens presented in succes-
sion, with the order of the triplets randomized. This led
to a high transitional probability within triplets (100%)
and a low transitional probability between them (33%).
Each triplet was repeated 24 times, resulting in 96 tri-
plets. In six repetitions of each triplet, one alien was dis-
played twice consecutively. Children performed a cover
task by pressing a designated key to detect each recur-
ring alien. During the 2AFC test, children were pre-
sented with both a real triplet and a foil triplet and were
asked to choose the one that was more familiar to them.
The 2AFC test consisted of 64 randomized test trials,
following two practice trials. The presentation times and
interstimulus intervals were consistent with the learning
phase.

Working memory task

Working memory capacity was assessed using an 18-trial
backward digit span task. Children repeated an orally
presented series of digits in reverse order. Every two
trials, the series ascended in length from 1 to 9 digits.
The task was terminated when children failed both
trials of the same level. The highest digit length achieved
represented their working memory capacity.

General procedure

Participants were individually tested by a na-
tive Cantonese-speaking experimenter in a sound-
attenuated University laboratory after obtaining
written informed consent from their parents or caregiv-
ers. Both the artificial orthography learning experi-
ment and the visual triplet learning experiment were
conducted using E-prime 2.0 (Schneider et al., 2002).
The experimenter verbally explained the instructions
while simultaneously displaying them on the computer
screen. The order of these two experiments was coun-
terbalanced across participants. Prior to the statisti-
cal learning experiments, the working memory task
was administered along with other pencil-and-paper
measures of Chinese literacy skills, which are not re-
ported here. Participants completed the tasks over two
sessions, each lasting approximately 1 h with breaks in
between.

Data analytical approach

We performed generalized linear mixed models using
Ime4 (Version 1.1-30) and ImerTest (Version 3.1-3) pack-
ages in R (Version 4.2.1, R Core Team, https:/www.r-
project.org/). Continuous variables, including working
memory capacity, age, and nonverbal intelligence, were
centered to reduce multicollinearity and make coef-
ficients more interpretable (Kraemer & Blasey, 2004).
Categorical variables were coded using a simple con-
trast coding approach with the contr.simple function
from the YawMMF package (Zhang, 2022) to obtain
reliable estimates of the main effects from interaction
terms. To probe interactions, simple effects were evalu-
ated by post hoc analyses using the emmeans package
(Version 1.8.5). The significance threshold of all tests
was p<.05.

To address the question of how item characteris-
tics and age influence the relation between statistical
learning and working memory in children with and
without DD, one generalized linear mixed model for
distributional statistical learning and one for condi-
tional statistical learning were conducted, with re-
sponses in a given trial as the dependent variable,
and children and stimuli as random intercepts. Both
models evaluated the main effects of working memory
capacity, item characteristics, age, and reading status
(contrast coding: —1/2 for TD and 1/2 for DD), as well
as interactions involving working memory capacity.
Children's nonverbal intelligence and sex (contrast
coding: —1/2 for male and 1/2 for female) were included
as covariates.

In the distributional statistical learning model, the
pseudocharacter structure (contrast coding: —1/2 for
top—bottom and 1/2 for left-right) was included as an
additional covariate. The item characteristics included
predictability (contrast coding: for high predictable vs.
moderate predictable: —1/3 for high predictable, 2/3 for
moderate predictable, and —1/3 for low predictable; for
high predictable vs. low predictable: —1/3 for high pre-
dictable, —1/3 for moderate predictable, and 2/3 for low
predictable) and familiarity (contrast coding: —1/2 for
unfamiliar and 1/2 for familiar). In the conditional sta-
tistical learning model, familiarity (contrast coding: —1/2
for unfamiliar—familiar and 1/2 for familiar—-unfamiliar)
was the only item characteristic. The sample size of this
model was 645 after excluding 6 children who had miss-
ing data.

RESULTS
Descriptive statistics
Our initial analyses aimed to verify the literacy profile

of the two groups. As displayed in Table 1, children
with DD showed significantly lower scores than their
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TABLE 1 Literacy and cognitive performances of children with developmental dyslexia (DD) and their typically developing (TD) peers.

Mean (SD)
Measure (maximum) DD TD t pClt) Cohen's d
Sex (female/male) 101/98 2271225
Age in years 8.96 (1.46) 8.88 (1.56) —0.64 .523 —-0.05
Nonverbal intelligence
Matrix reasoning (30) 15.91 (4.74) 17.74 (4.64) 4.60 <.001%** 0.39
Chinese word reading (150) 66.33 (35.91) 103.60 (30.66) 12.74 <.001%** 1.12
Chinese word reading fluency 47.76 (17.94) 69.30 (17.42) 14.40 <.001%** 1.22
Chinese word dictation (96) 30.84 (16.94) 56.17 (22.38) 15.86 <.001%** 1.28
Working memory (18) 4.80 (2.35) 6.42 (3.22) 7.21 <.001%** 0.58
Distributional statistical learning
Artificial orthography learning (%) 0.58 (0.09) 0.58 (0.09) 0.16 .876 0.01
Predictability
High 0.63 (0.15) 0.64 (0.16) 1.27 204 0.11
Moderate 0.56 (0.13) 0.55(0.14) —-0.60 .551 —-0.05
Low 0.57 (0.15) 0.56 (0.14) —-0.51 .610 —-0.04
Familiarity
Familiar 0.74 (0.19) 0.77 (0.17) 1.89 .059 0.16
Unfamiliar 0.43 (0.19) 0.40 (0.18) —-1.64 102 —-0.14
Conditional statistical learning
Visual triplet learning (%) 0.52 (0.09) 0.54 (0.10) 2.12 .035% 0.18
Familiarity
Familiar—unfamiliar 0.51 (0.13) 0.55(0.13) 2.79 .005%* 0.24
Unfamiliar—familiar 0.54 (0.13) 0.54 (0.13) 0.31 757 0.03

*p<.05; ¥*p<.01; ¥**p<.001.

age-matched TD peers in Chinese literacy tasks, includ-
ing word reading accuracy and fluency, as well as word
dictation (ps<.001).

In terms of cognitive profile, children with DD
showed lower working memory capacity (p<.001) and
lower performance in conditional statistical learning
(p=.035) compared to TD children, but no differ-
ence in distributional statistical learning (p=.876).
However, both DD and TD groups performed
above chance (50%) for distributional (f/5,=12.94,
p<.001; t;,=19.54, p<.001) and conditional statisti-
cal learning (tp,=3.64, p<.001; t,=8.52, p<.001).
Specifically, 75.9% of children with DD and 75.0% of
TD children demonstrated successful distributional
statistical learning, while 48.2% of children with DD
and 60.0% of TD children showed successful condi-
tional statistical learning. In terms of performance
across item characteristics, children with DD showed
equivalent performance as TD children across item
predictability and familiarity conditions (ps>.05)
during distributional statistical learning, but they
showed significantly lower accuracy than TD children
for familiar—unfamiliar items during conditional sta-
tistical learning (p=.005).

Distributional statistical learning: Working
memory is positively associated with the
recognition of high-predictable and familiar
items regardless of reading status, but negatively
associated with the recognition of unfamiliar
items in older children with DD only

To examine the influence of item characteristics, age,
and reading status on children's distributional statisti-
cal learning performance in the artificial orthography
learning experiment, a generalized linear mixed model
was conducted. The coefficient estimates are displayed
in Figure 2a (see Table SI for details). For the covariate
variables, nonverbal intelligence ($#=0.06, 95% CI [0.02,
0.10], z=3.10, p=.002) and the pseudocharacter structure
(p=-0.28, 95% CI [-0.34, —0.21], z=-8.32, p<.001) but
not sex (p=.709) yielded significant effects. Compared
to high-predictable items, children showed lower per-
formance on moderate-predictable (f=-0.49, 95% CI
[-0.62, —0.36], z=—7.40, p<.001) and low-predictable
items (f=-0.34, 95% CI [-0.46, —0.21], z=—5.23, p<.001).
They also showed higher accuracy in recognizing famil-
iar compared to unfamiliar items ($#=1.71, 95% CI [1.60,
1.82], z=31.05, p<.001). No significant main effects were
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Influences of item characteristics, age, and reading status (DD: children with developmental dyslexia; TD: typically developing

children) on the relation between distributional statistical learning and working memory (WM). Panel (a) displays the coefficient estimates of
the generalized linear mixed model. Panels (b, ¢) show that the associations between working memory and statistical learning varied under high
(H)-, moderate (M)- and low (L)-predictable items (b), and familiar and unfamiliar items in the DD and TD groups across different ages (c).
The error bars in panel (a) and the shade areas in panels (b, ¢) indicate 95% confidence intervals. *p<.05; **p<.01; ***p<.001.

found for working memory, age, and reading status
(ps>.05).

Item predictability modulated the effect of work-
ing memory on statistical learning (Figure 2b), with
high-predictable items having a stronger effect than
moderate-predictable items (f=-0.16, 95% CI [-0.26,
—0.07], z=-3.30, p<.001l) but a comparable effect with
low-predictable items (p=.106). However, no significant
evidence showed reading status or age modulated this
effect (ps>.05).

Familiarity influenced the relation between statisti-
cal learning and working memory in a more complex
way. A two-way interaction between working memory
and familiarity ($#=0.17, 95% CI [0.09, 0.25], z=4.10,
p<.001) was significant, indicating a stronger effect of
working memory on recognizing familiar items com-
pared to unfamiliar items. This interaction was further
modulated by age ($=0.13, 95% CI[0.05, 0.21], z=3.14,
p=.002) and reading status (f=0.19, 95% CI [0.03,
0.35], z=2.34, p=.019) in two three-way interactions,
such that the difference between the effect of working
memory on familiar and unfamiliar items was larger at
an older age relative to a younger age and in children

with DD relative to TD children. Accordingly, a sig-
nificant four-way interaction (£=0.19, 95% CI [0.04,
0.35], z=2.44, p=.015) indicated that the relation be-
tween working memory and statistical learning was
modulated by item familiarity, age, and reading status
(Figure 2c).

The post hoc analysis on simple effects of this four-
way interaction further revealed that children with
DD's working memory showed an age-increased re-
lation with statistical learning for familiar items
(Page: mean-1sa=0-09, 95% CI[=0.08, 0.27]; B, e 1nean=0-18,
95% CI [0.06, 0.301; f,qe: meantisa=0-27, 95% CI [0.11,
0.42]), but an age-decreased relation with statistical
learning for unfamiliar items (f =0.06, 95%

age: mean-Isd

CI [-0.10, 0.22]; B =-0.08, 95% CI [-0.19, 0.02];

Bree: meansina=—0-22 95% CI [-0.36, —0.09]). However,
TD children showed a small age-increased pattern for
familiar items (ﬁage: mean-1sa—0:02, 95% CI [-0.07, 0.11];
Bage: mean=0-05, 95% CI[-0.01, 0.11]; B,oe. mmeanisa=0-08,

95% CI [0.01, 0.15]) and an age-invariant pattern for un-
familiar items (5, ... ean-1sa= —0-02, 957 CI [-0.10, 0.06];
Bage: mean——0-02,95% CI[-0.08, 0.03); B¢ means15a= ~0-03,
95% CI[-0.09, 0.03]).
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Conditional statistical learning: Working
memory is positively associated with the
recognition of familiar—unfamiliar items in
children with DD across different ages

Another generalized linear mixed model was conducted
to examine the relation between working memory and
conditional statistical learning and the factors affecting
it, with outcome responses in the visual triplet learning
experiment as the dependent variable (Figure 3a;
see Table S2 for details). The main effects of the two
covariates, sex (p=.606) and nonverbal intelligence
(p=.151), were not significant. The model revealed a
significant main effect of age ($=0.06, 95% CI[0.02, 0.10],
z=2.95, p=.003), indicating an increase in conditional
statistical learning across development. Compared to TD
children, children with DD showed significantly lower
performance on the 2AFC test (f=-0.09, 95% CI [-0.18,
—=0.01], z=-2.13, p=.033). Working memory (p=.908)
and familiarity (p=.914) did not yield significant main
effects.

The relation between statistical learning and work-
ing memory was modulated by familiarity and reading
status (Figure 3b), indicated by a significant three-
way interaction among working memory, familiar-
ity, and reading status (f=0.11, 95% CI [0.02, 0.21],
z=2.26, p=.024). Post hoc tests showed that chil-
dren with DD had a larger working memory effect
on familiar—unfamiliar than on unfamiliar—familiar
items (B, itiarunfamitiar = 0-04, 95% CI [-0.06, 0.13];
=-0.05,95% CI [-0.14, 0.04]), while TD

‘Bur}familiar—famjliqr_ ’ : . .
children exhibited no difference in the effects involving

a -0.02
@) Sex -
0.03
Nonverbal Intelligence °
-0.00
WM [
0.00
Familiarity L 4
0.06 **
Age .
) -0.09 *
Reading Status -
o 0.03
WM x Familiarity °
0.00
WM x Age )
-0,01
WM x Reading Status -
o 0.03
WM x Familiarity x Age [
0.11*
WM x Familiarity *x Reading Status -
0.06
WM x Age x Reading Status -
0.03
WM x Familiarity x Age x Reading Status -
1 0 1 2
Estimates

FIGURE 3

the two kinds of items (B¢, iiar unfamitiar = —0-01, 95%
CI [-0.06, 0.04]; B, ramitiar_famitiar = 0-02, 95% CI [-0.03,
0.07]). Age did not further influence this pattern, as
the four-way interaction among working memory, fa-
miliarity, age, and reading status was not significant
(p=.488).

DISCUSSION

This study investigated the relation between working
memory and learning of distributional and conditional
statistics in a large group of children with DD and their
TD peers. In general, the results showed no significant
difference between the two groups in the association
of working memory with statistical learning. However,
compared to their TD peers, children with DD displayed
distinct patterns in this relation, particularly in terms of
item characteristics and age. In the context of distribu-
tional statistical learning of an artificial orthography,
both groups exhibited a stronger working memory effect
when recognizing high-predictable items compared to
moderate-predictable items, and no difference between
high-predictable and low-predictable items. However,
the influence of item familiarity on the working memory
effect differed between the two groups. As age increased,
children with DD and their TD peers exhibited an in-
creased positive effect of working memory on recogniz-
ing familiar items. However, an opposite pattern was
observed in the recognition of unfamiliar items, specifi-
cally among children with DD. Additionally, in the con-
text of conditional statistical learning of visual triplets,

(b)
DD TD
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Familiarity

H unfamiliar-familiar

[ familiar-unfamiliar

80%-

(72}
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[
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[
o 60%-
el
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o
el
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0 2 4 0 2 4
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Influences of item characteristics, age, and reading status (DD: children with developmental dyslexia; TD: typically developing

children) on the relation between conditional statistical learning and working memory (WM). Panel (a) displays the coefficient estimates of
the generalized linear mixed model. Panel (b) shows that the associations between working memory and statistical learning varied under the
familiar—unfamiliar and unfamiliar—familiar items in the DD and TD groups. The error bars in panel (a) and the shade areas in panel (b)

indicate 95% confidence intervals. *p <.05; **p < .01.
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children with DD showed a stronger effect of working
memory on familiar—unfamiliar items compared to un-
familiar—familiar items, while no such association was
found in TD.

Consistent with a previous EEG study (Tong
et al., 2023) that suggested the involvement of attentional
and working memory resources during learning high-
predictable and low-predictable items, our study found
that working memory played a greater role in processing
highly regular (i.e., high-predictable) and highly irregu-
lar (i.e., low-predictable) inputs during distributional sta-
tistical learning of an artificial orthography. Specifically,
working memory exhibited a stronger positive associa-
tion with the recognition of high-predictable compared
to moderate-predictable but not low-predictable items
in children with and without DD. In Tong et al.'s (2023)
study, high-predictable items elicited a larger initial-
stage P1 component while low-predictable items elicited
a larger later-stage P300 component. Thus, it is possible
that the comparable positive effect of working mem-
ory on high-predictable and low-predictable items may
operate in different stages during statistical learning.
Another explanation is based on the distinction between
deterministic and probabilistic rules. According to Lee
et al. (2022), deterministic rules may be stored in the
explicit declarative system with more working memory
resources involved, while probabilistic rules are more
likely to operate in the implicit procedural system. In our
study, the radical positions were deterministic for high-
predictable (100%) pseudocharacters but probabilistic
for moderate-predictable (80%) items. Therefore, chil-
dren may utilize conscious resources or explicit memory
to identify high-predictable items during the retrieval
stage, resulting in a positive relation between working
memory and the recognition of high-predictable items
but not moderate-predictable items.

Contrary to our hypothesis that assumed more in-
volvement of working memory in processing unfamil-
iar items, we found a stronger positive effect of working
memory on familiar, but not unfamiliar items in distri-
butional statistical learning of an artificial orthography
regardless of children's reading status. However, we ob-
served different age-related patterns between children
with DD and their TD peers. Specifically, TD children
showed an age-increased working memory relation with
the recognition of familiar but not unfamiliar items,
indicating an increase in the use of working memory
resources to retrieve acquired knowledge (i.e., familiar
items). This pattern reflects an exploitation strategy that
develops with age. Although children with DD exhibited
a similar age-related increase in the effect of working
memory on recognizing familiar items, we observed a
negative association between working memory and sta-
tistical learning for unfamiliar items, particularly among
older children with DD, but not TD children. This pat-
tern in children with DD does not reflect an exploita-
tion strategy because if they were able to utilize working

CHILD DEVELOPMENT

memory resources to exploit the correct positional reg-
ularity, their working memory capacity would also have
a positive, or at least not a negative, effect on predicting
the recognition of unfamiliar items.

One plausible explanation for the opposite effects of
working memory on recognizing familiar and unfamiliar
items is that children with DD overgeneralize the simi-
larities among the inputs. They may utilize their work-
ing memory resources to seek connections and relevance
between the inputs and their long-term memory traces,
influencing their decision criterion to choose more items
as “familiar,” thus resulting in an increased accuracy on
familiar items but a decreased accuracy on unfamiliar
items as working memory capacity increases. This ex-
planation is supported by an additional analysis of the
decision criterion index (C) based on the signal detec-
tion theory (Stanislaw & Todorov, 1999). Specifically, we
found that in older children with DD, a higher working
memory capacity was related to a lower negative value of
C, indicating a more lenient criterion to consider the stim-
ulus as “familiar” (see the details in Table S3; Figure S1).
This explanation is also consistent with the fuzzy mem-
ory trace theory, which suggests that individuals with
DD have an enhanced gist memory but less accuracy on
verbatim items (Obidzinski & Nieznanski, 2017), reflect-
ing their reliance on the exploration strategy (Taylor &
Vestergaard, 2022).

In the context of conditional learning of visual trip-
lets, we found that the presentation order of the famil-
iar and unfamiliar triplets influenced the association
between working memory and statistical learning in
children with DD, but not their TD peers. This finding
partially aligns with those of previous studies that found
no performance differences for different target sequences
during visual statistical learning in TD learners (Raviv
& Arnon, 2018; Shufaniya & Arnon, 2018). Interestingly,
children with DD exhibited a larger positive effect of
working memory on recognizing triplets from familiar—
unfamiliar trials compared to unfamiliar—familiar trials.
However, their accuracy was lower in the familiar—un-
familiar condition compared to their TD peers. This is
because the six items comprising the two triplets exceed
the working memory capacity of children with DD, mak-
ing it difficult for them to perceive and discriminate be-
tween the two triplets. Therefore, their decision-making
process relied mostly on the second triplet. Additionally,
as these children tended to seek similarity between the
presented items and their internal memory of items, they
preferentially chose the second triplet as “familiar.” This
resulted in more incorrect responses for familiar—unfa-
miliar trials. In contrast, children with higher working
memory capacity found it more feasible to recall the first
triplet, leading to a positive effect of working memory on
the familiar—unfamiliar trials.

The item-regulated relation between statistical learn-
ing and working memory observed at varying stages of
development elucidates different strategies employed by
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children with DD and TD peers in optimizing work-
ing memory resources. Given the limited capacity of
working memory, humans need to efficiently process a
vast amount of information and make predictions and
decisions based on predictable and unpredictable, fa-
miliar and unfamiliar inputs. A common view is that
inputs with more complex information, such as less
predictable and unfamiliar information, may require
more explicit efforts through working memory func-
tions (Conway, 2020). However, our findings suggest an
alternative possibility: working memory may preferen-
tially retrieve more relevant and salient information to
optimize statistical learning outcomes. This is evident
in both children with DD and their TD peers, as they
optimize their use of working memory by allocating
more resources when processing relatively determined
items (i.e., high- or low-predictable) and familiar items,
rather than uncertain items that cause confusion (i.c.,
moderate-predictable) or unfamiliar items.

Furthermore, the optimization strategy observed in
children with DD involves accepting or exploring the
similarity between different kinds of inputs, both fa-
miliar and unfamiliar. This is likely due to their limited
working memory capacity, which makes it challeng-
ing for them to accurately discriminate an unfamiliar
input from internal representations. Understanding
how children with DD develop this optimization
function for learning is an important area for further
investigation.

Finally, our findings on the crucial role of working
memory in the development of statistical learning have
implications for two competing claims regarding the
mechanisms underlying statistical learning. One line of
research suggests that statistical learning is a multifac-
eted construct, as evidenced by the variant developmen-
tal patterns observed across different modalities (e.g.,
visual vs. auditory; Raviv & Arnon, 2018) and stimu-
lus types (e.g., linguistic vs. non-linguistic; Shufaniya
& Arnon, 2018), as well as the contributions of various
cognitive functions (e.g., working memory and atten-
tion) to statistical learning (Hall et al., 2015; Richter
& de Lange, 2019; Roembke & McMurray, 2021; Toro
et al., 2005). However, another line of research argues
that statistical learning is supported by a unifying,
domain-general mechanism (Kirkham et al., 2002),
such that an individual's statistical learning abil-
ity develops as a shared pattern under different con-
texts and is not related to other cognitive functions
(Gao & Theeuwes, 2020; Horvath et al., 2020; Vickery
et al., 2010). Our study suggests that the non-significant
relations that have been found may be due to distinct
manifestations of working memory under different item
characteristics in children with and without DD. Thus,
we support the multiple-component view by showing
that the multifaceted mechanisms of statistical learning
operate at the item level, rather than at the overall learn-
ing performance level.

Furthermore, the item- and age-regulated relations
that we discovered between statistical learning and
working memory in children with DD highlight the need
for a more fine-grained approach to studying statistical
learning in dyslexia. Previous studies examining group
differences between children with DD and their TD peers
have generated inconsistent results, with some indicating
impaired learning (e.g., Sigurdardottir et al., 2017) while
others show intact learning (e.g., van Witteloostuijn
et al., 2019). Similarly, in our study, we observed lower
overall performance in conditional statistical learn-
ing but not in distributional statistical learning. These
conflicting results in simple comparisons have made it
challenging to determine whether DD is associated with
deficits in statistical learning.

However, our findings suggest that regardless of im-
paired or intact statistical learning, children with DD
allocated their working memory resources differently
compared to their TD peers. This aligns with a previous
study showing that individuals with DD tend to have a
broader focus on high-predictable and low-predictable
items compared to TD children (Singh et al., 2018). Thus,
instead of interpreting the distinct patterns between chil-
dren with DD and their TD peers as atypical statistical
learning processes, our study illuminates that these pat-
terns reflect an exploration strategy adopted by children
with DD. As Taylor and Vestergaard (2022) suggest, such
strategy is not inherently detrimental and may lead to
strengths such as creative thinking in individuals with
DD. Therefore, future interventions tailored to their
reading difficulties should be designed to preserve their
strengths.

Despite the important implications of our findings,
it should be noted that we measured a general work-
ing memory capacity using a single-digit span task.
However, previous research has suggested that the rela-
tion between statistical learning and working memory
may be sensitive to the specific modality of the statisti-
cal learning and working memory measures (Janacsek
& Nemeth, 2013). Future studies could consider mea-
suring different modalities (i.e., verbal or visual) or
subcomponents (e.g., central executive) of working
memory, and include other age-variant cognitive skills
(e.g., visual attention) as covariates. Additionally,
aligning with previous studies on statistical learning,
our assessment of statistical learning was limited to
the testing phase, which represents the ability to re-
trieve long-term knowledge. Moreover, compared to
the memory recognition task that involved responding
to a single item in the artificial orthography learning
experiment, the 2AFC task required memorizing six
items at a time in the visual triplet learning experiment
and thus may have demanded more working memory
resources, influencing the relation between statistical
learning and working memory. It would be beneficial
for future studies to include consistent procedures or
online indexes of statistical learning to investigate the
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role of working memory in the encoding and main-
tenance of different items during learning. Future
studies should also be cautious in using 2AFC tasks
to assess statistical learning abilities in children with
DD who have low working memory capacities. Finally,
it is worth noting that our study focused on Chinese
children learning an artificial orthography and visual
transitions. This raises the possibility that the ob-
served item- and age-regulated relations between sta-
tistical learning and working memory may be specific
to a particular context. Therefore, to establish the gen-
eralizability of our results, future studies are needed
to replicate our findings in other contexts involving
distributional and conditional statistics in different
languages.

In summary, our study utilized two statistical
learning paradigms and one working memory task
to investigate the role of working memory in statis-
tical learning among children with and without DD.
Our findings demonstrate that the relation between
working memory and statistical learning is contin-
gent upon the item characteristics embedded within
a particular type of statistical learning. Both children
with DD and their TD peers allocated more working
memory resources to high-predictable over moderate-
predictable items. However, while TD children uti-
lized working memory resources to retrieve familiar
items based on acquired regularities, children with
DD employed limited working memory resources to
seek similarity among items as age increased. These
results highlight the distinct optimization functions
between children with DD and their TD peers in the
memory-based mechanisms of statistical learning
across childhood and suggest that children with DD
could benefit from interventions that optimize the uti-
lization of working memory resources when process-
ing unfamiliar or uncertain inputs.
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